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ABSTRACT 
Brassinosteroids (BRs), a family of plant steroid hormones, plays indispensable role in 
plant growth and development. BRs signal is perceived by BR receptors BRI1 and BAK1, which 
transduce the hormonal signal to downstream transcription factors BES1/BZR1 through a series 
of intermediates including BSU1 and BIN2, thus activating the expression of thousands of BR 
target genes. BRs also play a vital role in the stress response, including drought and defense 
response. However, the molecular mechanisms by which BRs regulate stress response have just 
begun to be revealed. A general introduction about BR signaling pathway, and the crosstalk 
between BR and stress response is discussed in Chapter 2.  
My research goal is to study BR-mediated stress response to help understand how plants 
fine-tune growth in the face of drought and pathogen attack. In Chapter 3, we characterized three 
group III transcription factors, WRKY46/54/70, which are involved in BR-regulated plant 
growth and drought stress by cooperating with BES1 to positively regulate BR target genes and 
negatively control drought-responsive genes. The wrky46 wrky54 wrky70 triple mutants (w54t) 
had stunted growth in a BR-dependent manner. The decreased expression of BR biosynthesis 
genes (CPD, DET2 and DWF4) and slightly reduced endogenous BR level were found in w54t 
mutant. Surprisingly, we found that nearly 40% of the Arabidopsis genome is differentially 
expressed in w54t by RNA-seq analysis. Among those, a large portion of BES1-regulated genes 
were differentially expressed in the w54t mutant. Moreover, we found that WRKY54 regulates 
the expression of BR target genes with BES1 through direct physical interaction. On the other 
hand, the w54t mutants showed strong tolerance to drought stress with about 53% of 
dehydration-induced genes up regulated in the mutant while 64% of dehydration-repressed genes 
down regulated. WRKY54 also function together with BES1 to regulate the transcription of 
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drought-responsive genes by binding to W-box of the promoter region. Finally, the stability of 
WRKY54 is regulated by phosphorylation of BIN2, a GSK3-like kinase that play a negative role 
in BR-regulated plant growth. We propose that under normal condition, WRKY54 and BES1 
activate the growth-related genes and repress the drought-responsive genes in favor of plant 
growth. Upon drought, the elevated BIN2 leads to the degradation of WRKY54 and BES1 
proteins, which will release the inhibitory effect on drought-responsive genes. 
In Chapter 4, I describe the characterization of another three group III transcription 
factors, WRKY30/41/53, in BR-regulated plant growth and defense response to Pseudomonas 
Syringae pv tomato DC3000 (P. syringae). The wrky30 wrky41 wrky53 (w53t) triple mutant 
displays slightly reduced growth phenotype and is less sensitive in response to BL compared to 
WT. The triple mutant has enhanced susceptibility to bacterial pathogen P. syringae. I show 
evidence that WRKY53 might be regulated MAPK cascade as WRKY53 is a substrate of MPK6. 
It is possible that WRKY53 integrates the signal from BRs and PAMPs, molecular motifs 
associated with pathogens, to regulate the expression of downstream growth-related and defense-
responsive genes. Indeed, we found that there is direct interaction between BES1 and WRKY53 
by both in vitro and in vivo assays. Our results thus revealed that group III WRKYs mediates at 
least some of BR-regulated defense response. 
Lastly, future directions are addressed in Chapter 5. Taken together, our finding adds the 
knowledge to the plant science field of BR-mediated stress response and discovers a new 
function for the family of WRKY transcription factor in the plant growth.
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CHAPTER 1 THESIS ORGANIZATION AND AUTHOR CONTRIBUTIONS 
Chapter 1 is an organization of the thesis and author contribution. Chapter 2 is an 
introduction of brassinosteroids (BRs) biosynthesis and signaling pathway, the crosstalk between 
BRs and stress response, and WRKY transcription factors. Chapter 3 is the functional 
characterization of WRKY46, WRKY54 and WRKY70 in BR-regulated plant growth and 
drought response, of which the manuscript was submitted to The Plant Cell. Chapter 4 is the 
functional characterization of WRKY30, WRKY41 and WRKY53 in BR-regulated plant growth 
and defense response. Chapter 5 is a summary of my research projects and future directions.  
The research project described in Chapter 3: Jiani Chen performed most of the 
experiments unless indicated as follows. Jiani Chen and Trevor Nolan conducted RNAseq 
experiment together and analyzed RNAseq data with Mingcai Zhang and Zhaohu Li (Figure 2A 
and 2B, Figure 4C to 4E, Figure S6, Figure S8D and Figure S10). Huaxun Ye was involved in 
generating the mutants. Trevor Nolan performed the confocal microscopy in BiFC assays (Figure 
3A, Figure 6A and Figure S7F). Hongning Tong, Chengcai Chu, Peiyong Xin and Jinfang Chu 
conducted the BR measurements and analyzed the data (Figure S4B-D). JC and YY wrote the 
paper with input from other co-authors. 
The research project described in Chapter 4: Jiani Chen performed most of the 
experiments unless indicated as follows. Jiani Chen and Trevor Nolan conducted RNAseq 
experiment together and analyzed RNAseq data with Mingcai Zhang and Zhaohu Li (Figure 1A, 
Figure 5A and 5B). JC wrote the paper. 
The research project presented in Appendix 1: Jiani Chen performed the yeast two-hybrid 
(Figure 1C) and GST pull-down assays (Figure 1D) in Figure 1. Xiaolei Wang et al. conducted 
the rest of the experiments and wrote the manuscript.  
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The research project presented in Appendix 2: Jiani Chen performed the transient 
luciferase assay (Figure 3b to 3f) in Figure 3. Huaxun Ye et al. conducted the rest of the 
experiments and wrote the manuscript. 
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CHAPTER 2. INTRODUCTION 
2.1 Abstract 
Plant steroid hormones, Brassinosteroids (BRs), play important roles in growth and 
development. BRs are perceived by the plasma membrane-localized receptor kinase BRI1 and 
co-receptor BAK1. The BR signal is transduced through various intermediates including the 
negative acting GSK3-like kinase BIN2 to downstream BES1/BZR1 family transcription factors 
(TFs), which regulate the expression of thousands of genes for BR response. Recent studies 
revealed that BRs also regulate biotic and abiotic stress response. WRKY is a large family of 
transcription factors that can only be found in higher plants and plays an important role in stress 
responses. Several WRKYs are involved in defense and drought response. This introduction 
focuses on BRs biosynthetic and signaling pathways, and the functions of BRs and WRKYs in 
plant growth and stress response, respectively.  
2.2. Brassinosteroid Biosynthesis Pathway 
The plant hormones, also known as phytohormones, are a group of chemicals that are 
produced at extremely low concentrations within the plant, but plays an important role in the 
regulation of the plant growth, development and plant responses to stresses. Generally, there are 
five “classical” plant hormones, including auxin, abscisic acid (ABA), cytokinin (CK), 
gibberellin (GA) and ethylene (Kende, 1997). To date, several additional natural compounds 
have been discovered as hormones: brassinosteroid (BR), jasmonate (JA), salicylic acid (SA), 
nitric oxide (NO) and strigolactone (Santner and Estelle, 2009). Among them, the signaling of 
BRs have been well studied over the past twenty years.  
BRs are C27 - C29 steroids depending on their C-24 alkyl substituents, which regulate 
various aspects of plant growth and development, including cell elongation, vascular system 
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differentiation, stress response and so on (Fujioka and Yokota, 2003b; Choe, 2006). The research 
on BR began nearly fifty years ago since Mitchell et al. first reported the discovery of brassins in 
rape pollen (Brassica napus L.) (Mitchell, 1970). Since then, more than 50 analogs have been 
identified in plants. Brassinolide (BL) is the most active biological C28 BR (Clouse, 1998). 
Levels of endogenous BRs vary among different plant tissues. Pollen and immature seeds have 
the highest amount of BRs, whereas shoots and leaves produce lower amounts. Furthermore, 
BRs do not undergo long-distance transport in pea and are used near BR-synthesizing cells by 
3H-BR feeding studies (Symons and Reid, 2004). Key enzymes involved in the biosynthesis of 
BR have been discovered. DET2 converts campesterol (CR) to campestanol (CN), and then CN 
is converted to 6-deoxocathasterone (6-deoxoCT) by DWF4, which will be converted to 6-
deoxoteasterone (6-deoxoTE) by CPD. Then through successive oxidation to 6-deoxo-3-
dehydroteasterone (6-deoxo-3-DHT), 6-deoxotyphasterol (6-deoxoTY), 6-deoxocastasterone (6-
deoxoCS) and castasterone (CS), which will eventually be converted to BL (Kim et al., 2005) 
(Figure 1). 
Three key enzymes, DET2, DWF4 and CPD, in the biosynthetic pathway for C28 BRs 
(such as CS and BL) play vital roles in BR-regulated plant growth and development.  When 
grown under the light condition, BR-deficient mutants are dwarfed, which could be restored to 
the growth of WT with the treatment of BL (Nakaya, 2002). Most BR mutants are de-etiolated in 
the dark with short hypocotyls and open cotyledons (Fujioka and Yokota, 2003a). DET2 encodes 
reductase in BR biosynthesis in Arabidopsis and the loss-of-function mutants had short and thick 
hypocotyls, open and expanded cotyledons, and displayed photomorphogenesis phenotype. In 
the light, det2 (de-etiolated-2) leaves showed smaller and darker green phenotype than WT, and 
had short de-etiolated hypocotyl phenotype under the dark (Chory, 1991; Li et al., 1996). DWF4 
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encodes a cytochrome P450 monooxygenase, the knockout dwarf4 plants also had similar 
phenotype to det2 (Azpiroz et al., 1998). CPD encodes a putative 23a-hydroxlase and cpd 
(constitutive photomorphogenesis and dwarfism) mutant also displayed de-etiolated phenotype in 
the dark (Szekeres et al., 1996). Transcription of the CPD and DWF4 genes are negatively 
regulated by BRs (Mathur J., 1998). 
2.3. Brassinosteroid Signaling Pathway 
Over the past decades, extensive genetic screen and molecular genetic studies contributed 
to the identification and elucidation of key proteins involved in the BR signaling. The analysis of 
BR-deficient and BR-insensitive mutants led to the clarification of the physiological roles of BRs 
in plant growth and development. The successful cloning of BR-regulated genes provides insight 
into the molecular mechanism of plant steroid hormone action. BRs are perceived by the plasma 
membrane-localized receptor kinase BRI1 and co-receptor BAK1. The signal is transduced 
through various intermediates including the negative acting GSK3-like kinase BIN2 to 
downstream BES1/BZR1 family transcription factors (TFs), which regulate the expression of 
thousands of genes for BR response. The rest of this section will mainly focus on the key 
regulators in BRs signaling pathways identified over the past twenty years. 
2.3.1. BR receptor BRI1 and co-receptor BAK1 
BRASSINOSTEROID-INSENSITIVE 1 (BRI1), encodes a plasma membrane-localized 
leucine-rich repeat (LRR) receptor kinase with homology to serine (Ser)/threonine (Thr) kinases 
(Li and Chory, 1997; Friedrichsen et al., 2000). The fused protein of the extracellular and 
transmembrane domains of BRI1 and the Ser/Thr kinase domain of XA21 initiated plant defense 
response in rice with BR application, suggesting that the extracellular domain of BRI1 perceives 
the BR signal (He et al., 2000). Furthermore, Immunoprecipitated BRI1 displayed BL binding 
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activity and BL treatment activated autophosphorylation of BRI1 in plants, demonstrating that 
BRI1 is a receptor kinase that transduces BR signal (Wang et al., 2001). Another BR signaling 
regulator, BRI1 ASSOCIATED RECEPTOR KINASE 1 (BAK1), which is also an LRR 
receptor-like kinase, was identified to interact with BRI1 and activate their kinase activity via 
transphosphorylation (Li et al., 2002; Nam and Li, 2002b). In the absence of BRs, BRI1 
KINASE INHIBITOR 1 (BKI1), a substrate of BRI1, binds BRI1 and constraint its interaction 
with BAK1 to block its activity (Wang and Chory, 2006). In the presence of BRs, BKI1 
dissociated with BRI1 by phosphorylation and the 14-3-3 proteins interacts with phosphorylated 
BKI1 to release the inhibitory effect of BKI1 on BRI1 (Wang and Chory, 2006; Wang et al., 
2011). Then BRI1 and BAK1 transphosphorylated each other, which appears to be accomplished 
with the help from TWISTED DWARF 1 (TWD1) via the direct interaction with the kinase 
domain of BRI1 and BAK1 (Wang et al., 2008; Chaiwanon et al., 2016; Zhao et al., 2016). 
Activated BRI1 are proposed to phosphorylate downstream components BRASSINOSTEROID-
SIGNALING KINASE 1 (BSK1) and CONSTITUTIVE DIFFERENTIAL GROWTH1 (CDG1), 
which promotes them to bind to BRI1 SUPPRESSOR 1 (BSU1) and activate BSU1, a 
phosphatase that inhibits the activity of BR-INSENSITIVE 2 (BIN2) by dephosphorylation on 
Y200 (Tang et al., 2008; Kim et al., 2009; Kim et al., 2011) (Figure 2).  
2.3.2. Regulation by Negative-Acting Kinase BIN2 
BIN2 was identified as a central component in BR signaling from the same direct genetic 
screen pool as BRI1 (Li et al., 2001). BIN2 encodes GSK3/SHAGGY-like kinase, a group of 
highly conserved Serine/Threonine kinases implicated in multiple pathways in the mammals 
such as Wnt pathway to regulate diverse biological process (Woodgett, 2001; Li and Nam, 
2002). Gain-of-function or overexpression of BIN2 mutants resemble loss-of-function BR 
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mutants, whereas loss-of-function of BIN2 mutants rescued a weak bri1 mutation, supporting for 
a negative role BIN2 played in BR signaling (Li and Nam, 2002). In mammals, GSK3-like 
kinase also phosphorylates multiple substrates such as β-catenin in Wnt pathway (Peifer, 2000; 
Cohen, 2001; Hagit, 2002). Most of GSK3 substrates share a conserved phosphorylation sites 
S/TxxxS/T (S/T stands for Serine/Threonine, and x means any amino acid residues) (Zhao et al., 
2002a). In BR signaling pathway, downstream transcription factors BRI1-EMS-SUPPRESSOR 1 
(BES1) and BRASSINAZOLE-RESISTANT 1 (BZR1) are phosphorylated by BIN2, which led 
to the protein degradation (He et al., 2002; Yin et al., 2002; Zhao et al., 2002b). 
2.3.3. The Diverse Role of BIN2 kinase 
Besides BES1and BZR1 proteins, an increasing number of proteins are identified as 
substrates of BIN2 to mediate various plant physiological and developmental processes. ATBS1-
INTERACTING FACTORS (AIFs), a member of atypical basic helix-loop-helix (bHLH) 
proteins superfamily, was discovered by a yeast two-hybrid screen using ACTIVATION-
TAGGED BRI1-SUPPRESSOR1 (ATBS1) as bait (Wang et al., 2009). AIF1 is a negative 
regulator in BR signaling because overexpression of AIF1 in WT plants resulted in det2-like 
dwarf phenotype (Wang et al., 2009; ). AIF1 interacts with BIN2 and is phosphorylated by BIN2 
by an in vitro kinase assay. However, whether BIN2 phosphorylation of AIF1 could affect the 
heterodimerization of AIF1 with other bHLH proteins to regulate BR signaling is still unknown. 
Another bHLH transcription factor, CESTA (CES), is a nuclear protein that regulated BR 
biosynthetic gene expression (Poppenberger et al., 2011). A dominant mutant ces-D has 
elongated petiole and curly leaves, revealing that CES is an activator in the BR pathway. CES 
was also found to be phosphorylated by BIN2 but the function of phosphorylation is not clear 
(Figure 3). 
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Myeloblastosis family transcription factor like-2 (MYBL2), a protein involved in 
anthocyanin biosynthesis, is a substrate of BIN2 and BIN2-mediated phosphorylation leads to 
the stabilization of MYBL2 protein, which indicates that BIN2 positively regulates MYBL2 (Ye 
et al., 2012). mybl2 mutant enhanced bri1-5 dwarf phenotype, whereas suppressed BR gain-of-
function mutant bes1-D phenotype, revealing that MYBL2 is a positive regulator in the BR 
pathway (Ye et al., 2012). MYBL2 accomplished its role by facilitating BES1 to inhibit the 
expression of BR down-regulated genes (Ye et al., 2012). Similarly, homeo-domain-leucine 
zipper protein 1 (HAT1), which encodes a class II homeodomain-leucine zipper (HD-Zip) 
transcription factor, was also stabilized by BIN2 phosphorylation (Zhang et al., 2014). HAT1 was 
identified to be a direct target of BES1 via chromatin immunoprecipitation (ChIP) experiment 
and cooperated with BES1 to inhibit BR-repressed gene expression. HAT1 and its close 
homology HAT3 also act as positive regulators in BR signaling as hat1 hat3 double mutant 
enhanced bri1-5 and suppressed bes1-D phenotype (Zhang et al., 2014).  
In addition to its function in BR pathway, BIN2 plays an important role in the crosstalk 
between BR and other stimuli or hormones. The antagonized effect of BR and light signaling is 
mediated by BIN2-regulated degradation of Phytochrome-interacting bHLH factor 4 (PIF4) 
(Bernardo-Garcia et al., 2014). PIF4, a positive regulator in cell elongation, is negatively 
regulated by the light photoreceptor phyB in the light and a key repressor in GA signaling-
DELLA proteins. (Quail, 2002; de Lucas et al., 2008; Bernardo-Garcia et al., 2014). PIF4 is a 
substrate of BIN2 and BIN2 phosphorylation leads to the proteasome degradation of PIF4 as 
PIF4A, a mutation in BIN2 phosphorylation consensus sites stabilizes PIF4 (Bernardo-Garcia et 
al., 2014). Plants overexpressing PIF4A-GFP showed elongated petiole and early flowering 
phenotype (Bernardo-Garcia et al., 2014). In addition, a link between BR and auxin pathways is 
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through the regulation of BIN2 on AUXIN RESPONSE FACTOR 2 (ARF2). In the absence of 
auxin, Auxin/Indole-3-Acetic Acid (Aux/IAA) interacts with ARF2 and block the transcription 
of auxin-responsive genes (Guilfoyle and Hagen, 2007). In the presence of auxin, Aux/IAA is 
degraded through 26S proteasome and thus ARF2 can activate the transcription of auxin targets 
by binding to auxin-responsive elements (AREs) (Ulmasov, 1999; Gary, 2001). The 
phosphorylation of BIN2 on ARF2 alleviates ARF2 DNA binding and repressor activity, which 
leads to the activation of auxin-induced genes, suggesting that besides auxin, BIN2 can also 
release ARF2 from Aux/IAA repressor proteins to regulate auxin response (Vert et al., 2008). 
Furthermore, ARF7 and ARF19 were also identified as substrates of BIN2. BIN2-mediated 
phosphorylation inhibited ARF interaction with Aux/IAAs, thus alleviating auxin signaling 
output during lateral root development (Cho et al., 2014).  
BIN2 plays a key role in the crosstalk between ABA and BR signaling (Zhang, 2009). 
When BIN2 kinase activity was blocked by the kinase inhibitor, lithium chloride (LiCl), 
treatment of plants with ABA failed to inhibit BR signaling outputs (Zhang, 2009). bin2 loss-of-
function mutants, bin2-3 bil1 bil2, are hyposensitive to ABA in primary root inhibition, while 
bin2 gain-of-function mutants, bin2-1, are hypersensitive to ABA, indicating that BIN2 played a 
positive role in ABA signaling (Cai et al., 2014). Two members of SNF1-RELATED KINASE 
2s (SnRK2s), SnRK2.2 and SnRK2.3, key regulators of abscisic acid (ABA)-dependent stress 
responses, were identified as BIN2 interactors using immuneprecipitated (IPed) proteins from 
BIN2-FLAG plants, followed by liquid chromatography tandem mass spectrometry (LC-MS/MS) 
(Kulik et al., 2011; Cai et al., 2014). BIN2 phosphorylates SnRK2.2 and SnRK2.3, which 
enhances their kinase activities, confirming that BIN2 positively regulates ABA signaling 
through SnRK2s (Cai et al., 2014).  
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Furthermore, recent studies revealed that BIN2 was also involved in stomatal 
development through the regulation of mitogen-activated protein kinase (MAPK) kinase and 
SPEECHLESS (SPCH). MAPK kinase cascade inhibit stomatal differentiation by suppressing 
stomatal cell fate specification (Wang et al., 2007). MAPK kinase kinase (MAPKKK) YDA and 
MAPK kinases MKK4 and MKK5 are phosphorylated by BIN2, which exerts a negative effect 
on their kinase activities (Kim et al., 2012b; Khan et al., 2013). SPCH, a bHLH transcription 
factor, plays a positive role in stomatal development, which was negatively regulated by 
MPK3/6 through phosphorylation (Lampard, 2008). BIN2 phosphorylates SPCH to inhibit its 
protein stability, thus repressing the stomatal differentiation, which has opposite effect in regard 
to the function of BIN2 on MAPK-mediated stomatal development (Gudesblat et al., 2012). 
SPCH might balance the effect from BR signaling and that from MAPK cascade to regulate 
stomatal development (Gudesblat et al., 2012).  
The regulation of BIN2 is mainly known in the BR signaling pathway. In the presence of 
BR, BIN2 is inhibited and regulated by proteasome-mediated protein degradation (Peng, 2008). 
MG132, a proteasome inhibitor, prevented BR-induced BIN2 degradation (Peng, 2008). In 
addition, BSU1 dephosphorylated BIN2 in BR-dependent manner and inhibited its kinase 
activity on BZR1 (Kim et al., 2009). Overexpression of BSU1 lead to the reduction of BIN2 
protein and mutations of pTyr 200 of bin2-1 (BIN2 gain-of-function), a conserved residue that is 
be dephosphorylated by BSU1, did not cause dwarf phenotypes compared to bin2-1 (Kim et al., 
2009). OCTOPUS (OPS), a plasma membrane localized protein, was identified to be a positive 
regulator of BR signaling pathway (Anne et al., 2015). OPS interacts with BIN2 and recruits 
BIN2 to the plasma membrane, which prevents it from inhibiting nuclear transcription factors, 
BES1/BZR1 (Anne et al., 2015). Recently, another regulator histone deacetylase (HDA6) was 
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identified as BIN2-interacting protein and deacetylated BIN2 to inhibit its kinase activity (Hao et 
al., 2016).  
2.3.4. Regulation by BES1 and BZR1 and the Transcriptional Regulatory Network  
BES1 was identified to suppress bri1 dwarf phenotypes via ethylmethanesulfonate (EMS) 
mutagenesis in bri1-119 genetic background (Yin et al., 2002). bes1-D, dominant mutants with a 
single nucleotide mutation at position 698, showed constitutively BR response. The 
dephosphorylated BES1 accumulates in the nucleus upon BL treatment, which is negatively 
regulated by BIN2 kinase (Yin et al., 2002). BZR1-1D also suppresses bri1 dwarf phenotype and 
showed constitutively BR response (Wang et al., 2002). BES1 and BZR1 are plant-specific 
transcription factor (TF) and share 88% identity. BES1/BZR1cooperates with other TFs to 
regulate the expression of thousands of target genes by binding to conserved elements in the 
promoter region (He et al., 2005; Yin et al., 2005). BES1/BZR1 interact with many other 
proteins to regulate gene expressions. BES1-interacting Myc-like 1 (BIM1), a basic bHLH TF, 
interacts with BES1 to synergistically bind to E-box (CANNTG) in the promoter region of BR-
induced genes (Yin et al., 2005). Several BES1 interacting proteins involved in BR-induced gene 
expression have been identified, including EARLY FLOWERING 6 and its homolog 
RELATIVE OF EARLY FLOWERING 6 (ELF6/REF6), MYB family transcription factor 
MYB30, and INTERACT-WITH-SPT6 (IWS1), an evolutionarily conserved protein implicated 
in transcriptional elongation processes (Yu et al., 2008; Li et al., 2009; Li et al., 2010). 
ELF6/REF6, which regulated flowering time, interacts BES1 to mediate the expression of BR-
regulated genes via the histone modification (Yu et al., 2008). SDG8, a histone lysine 
methyltransferase, was also identified to control the expression of BR-regulated genes (Wang et 
al., 2014). SDG8 interacts with BES1 through IWS1 directly or indirectly. The sdg8 mutant had 
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smaller growth phenotype and about half of BR-regulated genes were differentially expressed in 
the mutant. On the other hand, some components were identified as transcription corepressor of 
BES1 to repress the expression of BR down-regulated genes. MYBL2 and homeodomain-leucine 
zipper protein 1 (HAT1) interact with BES1, and are implicated in BR-repressed gene expression 
(Ye et al., 2012; Zhang et al., 2014).  
HSP90 (HEAT SHOCK PROTEIN 90) was identified in a complex with BES1 and 
BZR1 to regulate BES1/BZR1 target genes (Shigeta et al., 2015). Additionally, the ATPase 
activity of HSP90 is required for BES1 phosphorylation as the treatment of ATPase inhibitor, 
geldanamycin (GDA), caused BES1 hyperphosphorylation. PHYTOCHROME-INTERACTING 
FACTOR 4 (PIF4) interacts with BZR1, which regulate about two thousand common target 
genes, and are required to promote cell elongation. DELLA, a repressor in GA pathway, also 
interact with BZR1 to inhibit its DNA binding activity, which established a mechanism for the 
crosstalk between BRs and GAs in controlling cell elongation. GA can release DELLA-mediated 
inhibition of BZR1 and that DELLA-BZR1-PIF4 interaction defines a transcription module 
involving GA, BR and light signals (Bai et al., 2012; Gallego-Bartolome et al., 2012; Li et al., 
2012). BZR1 also represses its targets by recruiting TOPLESS (TPL), a Groucho/TUP1-like 
transcriptional corepressor, through ERF-associated amphiphilic repression (EAR) motif (Oh et 
al., 2014). 
2.4. The Function of BR and its crosstalk with auxin and GA in plant growth 
The physiological role of BRs played in the plant growth has been well characterized in 
the model plant Arabidopsis. The early identification of BR-deficient or –insensitive mutants 
demonstrated that BRs played an indispensable role in the cell elongation. det2 and cpd, the first 
BR-deficient mutant, displayed smaller size than WT and has reduced cell size and apical 
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dominance with bushy appearance (Chory, 1991; Li et al., 1996; Szekeres et al., 1996). The 
mutation of BR receptor BRI1 also resulted in plants with shorter rosette leaves and petioles, 
reduced cell size under microscopic examination and apical dominance with bushy appearance 
(Clouse et al., 1996). 
BRs transduce the signal from the plasma-membrane-localized receptor to the nucleus-
localized transcription factors to regulate the expression of thousands of genes (Yu et al., 2011). 
Sun et al. identified 953 putative BZR1 direct targets by Chromatin immunoprecipitation 
microarray (ChIP-chip) experiments (Sun et al., 2010). For BES1, 1609 genes were identified as 
direct targets. (Yu et al., 2011). BES1 and BZR1 targets include genes involved in cell 
elongation and plant growth, such as cell wall modifying enzymes (EXPB3) required for cell 
elongation.  
BRs coordinated with other hormones, for instance, auxin, to mediate cell elongation in 
Arabidopsis (Oh et al., 2014). ARF6, an auxin-response factor, forms a complex with PIF4 and 
BZR1 to bind to a myriad of common target genes. The DNA binding activity of ARF6 to its 
targets could be enhanced by BR treatment and was also observed in bzr1-1D and PIF4-OX 
plants, suggesting that the enhancement of BR on auxin response was through the regulation of 
BZR1 on ARF6. On the other hand, ARF6 was also required for BZR1 promotion of hypocotyl 
elongation since bzr1-1D arf6 afr8 triple mutant had shorter hypocotyls than bzr1-1D in 
response to BRZ, an inhibitor of BR biosynthesis. Thus, ARF6, BZR1 and PIF4 integrate the 
crosstalk between BRs and auxin to promote cell elongation in Arabidopsis.  
BRs were found to coordinate with GAs to regulate cell elongation by interacting with all 
the members of DELLAs (RGA, GAI, RGL1, RGL2 and RGL3)(Bai et al., 2012; Gallego-
Bartolome et al., 2012; Li et al., 2012). GAs enhance BR response by stabilizing BZR1 through 
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DELLA since the negative regulator DELLA, which is degraded upon GAs induction, can 
destabilize BZR1, whereas BR did not affect GA abundance (Li et al., 2012).  
In addition to the regulation of BRs on GA signaling, BRs stimulate plant growth by 
promoting GA biosynthesis in both Arabidopsis and rice. In rice, BRs promote the expression of 
GA3ox-2, a GA biosynthetic gene, which resulted in the increased GA1 level (Tong et al., 2014). 
On the other hand, GA can inhibit BR biosynthesis as a feedback mechanism (Tong et al., 2014). 
Similar result was reported by Unterholzner et al. in Arabidopsis. The expression of GA 
biosynthetic genes and the endogenous GA level were reduced in BR mutants, while GA 
application or the expression of GA20ox1, a GA biosynthesis gene, could rescue the defective 
phenotype of BR mutants, including germination rate and hypocotyl length (Unterholzner et al., 
2015). In addition, BES1 binds to the promoter region of GA biosynthesis genes GA20ox1, 
GA3ox1 and GA3ox4 in a BR-dependent manner (Unterholzner et al., 2015). 
Recently, it was found that a NAC transcription factor, JUNGBRUNNEN1 (JUB1), acted 
as a core regulator in BR/GA signaling (Shahnejat-Bushehri et al., 2016a). The JUB1 gain-of-
function mutant had short hypocotyl, whereas the knockout mutant displayed long hypocotyl, 
indicating that JUB1 negatively regulate BR/GA signaling. JUB1 inhibited the biosynthesis of 
GAs and BRs by repressing the expression of GA and BR biosynthesis genes (GA3ox1 and 
GA3ox2, DWF4 and BR6ox1), whereas activated the DELLA genes (GAI and RGL1). In turn, 
BZR1 and PIF4 repress the transcription of JUB1 to form a negative feedback loop. 
2.5. The Function of BR in Abiotic Stress Response 
In addition to the widely-known role BRs played in the promotion of cell elongation, BRs 
have been implicated in various abiotic stress response, including heat stress, chilling, freezing, 
heavy metals, high light, UV-radiation, ozone, salinity and drought stress.  
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2.5.1. BR and temperature stresses: heat, chilling and freezing  
BR is required for the plant to promote hypocotyl length at high temperature (Gray and 
Estelle, 1998). In the early year, Gray et al. reported that det2-1 mutant had reduced hypocotyl 
length in response to high temperature (29oC) compared to WT (Gray and Estelle, 1998). 
Stavang et al. also found that BR was involved in temperature-regulation of plant growth in the 
later stage (Stavang et al., 2009). gsk3 triple mutant (negative regulator in the BR pathway) were 
more sensitive to temperature than WT with longer hypocotyl length under 29oC. The protein 
level of BZR1 accumulated more in the hypocotyl of 5-day-old seedling growing at 29oC than at 
20oC, and the ratio of dephosphorylated to phosphorylated form of BZR1 and BES1 was higher 
as well, suggesting that BR played an important role in promoting hypocotyl elongation at high 
temperature (Stavang et al., 2009). PIF4 is required in the process of temperature-induced 
hypocotyl elongation: PIF transcripts increased more at high temperature in both cotyledons and 
hypocotyls; pif null mutant is barely responsive to high temperature with similar hypocotyl 
length as that in WT (Stavang et al., 2009). bzr1-1D was less sensitive to propiconazole (PCZ, 
BR biosynthesis inhibitor) than WT at high temperature, and pifq bzr1-1D mutant was 
nonresponsive to high temperature, indicating that BZR1 is crucial in PIF4-mediated hypocotyl 
elongation in response to high temperature (Oh et al., 2012).  
BR can induce the tolerance of heat stress in plant species, for instance, cucumber and 
tomato. It has been reported that heat shock protein and components of translational machinery 
were involved in the BR-increased heat tolerance (Dhaubhadel et al., 1999; Dhaubhadel et al., 
2002). In addition, NADPH oxidase, H2O2 level and MAPKs transcripts were increased upon BR 
treatment in cucumber, whereas suppression of NADPH oxidase and H2O2 led to the reduction of 
BR-induced stress tolerance (Xia et al., 2009). In tomato, Nie et al. reported that silencing of 
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RBOH1 (a NADPH oxidase) and MPK1/2 abolished BR-induced heat stress tolerance, 
suggesting that BR-induced H2O2  accumulation requires MPK1/2, which is mediated by RBOH1 
(Nie et al., 2013). 
Furthermore, BRs pretreatment enhanced the chilling tolerance in cucumber (Yu et al., 
2002). A genome-wide study in Brassica rapa revealed that several BZR/BES1 homologs are 
involved in the low temperature stress response (Saha et al., 2015). BrBZR1-1/1-2 and BrBES1-
2 are highly expressed in response to cold stress, which might act as transcription activators to 
bind with the conserved elements (CANNTG, E-box) for CBF (C-REPEAT/DEHYDRATION-
RESPONSIVE ELEMENT BINDING FACTOR) transcription factors to regulate COR (cold-
regulated genes (Saha et al., 2015). Recently, the transcriptome analysis of Pepper pretreated 
with EBR growing at chilling environment revealed several hundreds of genes involved in the 
photosynthesis, hormone metabolism, calcium signaling transduction and cellular redox 
homeostasis, suggesting that BR-induced chilling tolerance is the result of a combination of 
various transcriptional activities (Li et al., 2016).  
BR enhances the tolerance of plants in response to freezing as well (Eremina et al., 2016). 
Either before or after cold acclimation, BR-insensitive mutant bri1-301 was hypersensitive to 
freezing with a decrease in electrolyte leakage (an indicator of damage to cellular membrane), 
whereas BRI1 overexpression mutants is more resistant to freezing. Sumoylation of proteins 
increases in plants accompanying with the exposure to cold stress (Miura et al., 2007). CES was 
identified to be involved in BR-promoting freezing tolerance (Eremina et al., 2016). Cold stress 
induces BR signaling to dephosphorylate CES, which promotes its sumoylation and activates the 
expression of CBF transcriptional regulators, leading to the expression of COR gene (Eremina et 
al., 2016). In contrast, Kim et al. found that in comparison to WT and BRI1 overexpression 
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plants, bri1-9 displayed increased cold tolerance with higher levels of ROS and increased 
expression of stress-inducible genes, including CBFs and class III plant peroxidases (AtPrxs) 
(Kim et al., 2010; Kim et al., 2012a). Treatment of SHAM, a peroxidase inhibitor, led to less 
resistance to cold in bri1-9 mutant, whereas overexpression of AtPrx resulted in increased cold 
tolerance, indicating that peroxidases are required for the increased cold tolerance in bri1 mutant 
(Kim et al., 2012a).  
2.5.2. BR and heavy metal  
In modern days, the pollution becomes a byproduct of industrialization and urbanization 
and heavy metals is one of those stress signals that plants face. Researchers have found that 
pretreatment with BRs can reduce the absorption of heavy metals (such as lead and copper) in 
different species, including Indian mustard (Brassica juncea) and Chlorella vulgaris (algae) 
(Rajewska et al., 2016). Similar result was also found in mung bean seedling under aluminum 
stress (Abdullahi et al., 2007). It is highly possible that plants utilize BRs to activate the 
antioxidant defense system to overcome the stress triggered by heavy metals. Spraying Brassica 
juncea with 28-homobrassinolide (HBL) alleviated the toxic effect caused by cadmium, 
including growth inhibition, decreased photosynthetic rate and the level of carbohydrate (Hayat 
et al., 2007). The antioxidative enzymes and the content of proline increased as well with the 
treatment of HBL (Hayat et al., 2007). Sharma et al. also reported that 28-HBL treatment 
reduced the toxicity of chromium (Cr) on radish seedlings (Raphanus sativus L.) and increased 
the activity of antioxidants (Sharma et al., 2011; Sharma et al., 2016). Same effect on rice (Oryza 
sativa L.) was observed with the exogenous application of 24-epibrassinolide (EBL) (Sharma et 
al., 2011; Sharma et al., 2016). The effect of BRs on the antioxidants renders the plants more 
tolerant to the heavy metal with increased photosynthesis and plant growth. 
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2.5.3. BR and Drought and Salt Stress  
BR is also involved in water/osmotic stress, including drought and salt stress. The trade-
off between plant growth and stress is intertwined by multiple plant hormones. It has been 
reported that BR played a negative role in the stress response, mostly through the interaction 
with ABA, a crucial phytohormone in response to water stress (Tuteja, 2007). The activity of BR 
can be inhibited by the rapidly induced ABA during the environmental stress (Grill, 1998; Steber 
and McCourt, 2001). Arabidopsis WT seedlings treated with ABA displayed smaller and curly 
leaves, which resembled the phenotype of BR-insensitive mutant, bri1-9 (Chung et al., 2014). 
Furthermore, bri1-9 is more sensitive to ABA treatment in terms of root length, germination rate 
and the percentage of green cotyledons (Chung et al., 2014). The same results were found for 
bri1-5 and dwf12-1D upon ABA treatment (Choe et al., 2002). ABA or NaCl treatment reduced 
the seed germination rate of det2-1 or bri1-301 mutants whereas BRI1-GFP-OX was more 
tolerant to NaCl treatment (Zhang, 2009). Additionally, a subset of genes antagonistically 
regulated by ABA and BR signaling were identified by Chung et al., which include ABF 
transcription factors and NAC transcription factors (Chung et al., 2014).  
The mechanisms behind antagonistic effect between ABA and BR have been emerging. It 
has been reported that ABA inhibited BR signaling output as the dephosphorylated form of 
BES1 was reduced and the expression of BR-responsive genes DWF4 and CPD was increased 
upon ABA treatment (Zhang, 2009). The inhibitory effect of ABA on BR signaling output was 
diminished in abi1 and abi2 mutants, indicating that ABI1 and ABI2, PP2C family 
serine/threonine phosphatases, are involved in this regulation process (Zhang, 2009). 
Furthermore, the inhibition took place after BR perception but before the transcription, most 
likely through BIN2 as LiCl treatment released the ABA-suppressed BR signaling output 
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(Zhang, 2009). The bin2-3 bil1 bil2 triple mutant was hyposensitive to ABA, whereas bin2-1 
(gain-of-function mutant) was hypersensitive to ABA in terms of root length, indicating that 
BIN2 positively regulate ABA signaling (Cai et al., 2014). Moreover, BIN2 interacts with 
SnRK2.2/2.3, a key regulator in response to ABA, and enhances its kinase activity by 
phosphorylation (Cai et al., 2014). Since BIN2 negatively controls BR signaling, it is highly 
possible that BIN2 played a vital role in the antagonistic interaction between BR and ABA to 
fine-tune plant growth and stress response. 
RD26, a NAC transcription factor, was induced by both drought and ABA and positively 
regulate ABA-inducible gene expression upon abiotic stress (Fujita et al., 2004). It was also 
reported to be involved in the crosstalk between ABA and BR. Upon NaCl treatment, the 
expression of RD26 was induced, which was suppressed by co-treatment with BR or bikinin (an 
inhibitor of BIN2) but enhanced by propiconazole (a BR biosynthesis inhibitor), further 
suggesting that the antagonistic effect between BRs and ABA might at or after BIN2 step during 
the stress response (Chung et al., 2014).  
The function of BR in drought stress response has been reported in the crop plants as 
well. An earlier one showed that homobrassinolide (Skirycz et al.) application enhanced drought 
tolerance in wheat with increased water uptake, membrane stability and photosynthesis (Sairam, 
1994). Treating wheat with BR resulted in increased efficiency of net photosynthesis and 
transcription in drought condition (Sairam, 1994). 24-epibrassinolide (EBR) treatment enhanced 
drought tolerance in Arabidopsis and Brassica napus with elevated expression of drought-
responsive genes, including RD29A, ERD10 and RD22. EBR also helps to overcome the 
inhibitory effect of salt-stress-induced seed germination (Kagale et al., 2007). A mutation of 
DWAF in barley cultivar displayed a retardant growth phenotype and was more sensitive to 
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drought than WT barley (Janeczko et al., 2016). AtDWF4 overexpression in Brassica napus 
resulted in enhanced tolerance to dehydration stress and seed yield, indicating that BR can 
enhance stress tolerance and plant productivity simultaneously. The transcriptome analysis 
further supported that an effect of BR on growth and stress response (Sahni et al., 2016).  
On the other hand, studies also reported that BR plays a negative role in the drought 
response. The RNAi of BRI1 in Brachypodium distachyon (grass) displayed retardant growth 
phenotype and more tolerant to the drought response with increased expression of drought-
responsive genes, including BdRD26 and BdERD1 (Feng et al., 2015). The transcription factors 
BZR family were also reported to be involved in the stress response as several BZR genes were 
up-regulated upon water stress treatment in Brassica rapa (Saha et al., 2015).  
Recently, RD26, a BES1 target gene, was identified to mediate the crosstalk between 
BRs and drought response (Ye et al., 2017). RD26 interacts with BES1 directly and inhibit BES1 
transcriptional activity on BR-regulated genes, thus repressing BR signaling. On the other hand, 
BR signaling can also suppress drought response through the inhibitory effect of BES1 on the 
expression RD26.     
2.6. Crosstalk of Brassinosteroid Signaling in Controlling Growth and Biotic Stress Response  
 (This section is modified from a part of review submitted to Biochemical Journal) 
Besides its role in the plant growth and development, the BR pathway is also involved in 
plant immune responses, particularly in Pathogen-Associated Molecular Patterns (PAMPs)-
Triggered Immunity (PTI) (Lozano-Duran and Zipfel, 2015). PAMPs are recognized by pattern-
recognition receptors (PRRs), which result in the activation of PTI responses. For instance, 
FLAGELLIN SENSING2 (FLS2), a well-studied receptor kinase, recognizes flagellin from 
bacterial flagella (Gomez-Gomez and Boller, 2000). Recent studies revealed that several 
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signaling components are involved in BR and PTI crosstalk, including receptor-like kinases 
(RLK) BAK1 and BIR1, receptor-like cytoplasmic kinases (RLCK) BSK1 and BIK1, and 
transcription factors BES1/BZR1. Here we summarize recent findings on the molecular 
mechanism of BR-PTI crosstalk. 
BAK1 has been considered as a possible candidate to mediate tradeoffs between BR-
regulated plant growth and immunity due to its function as a co-receptor in both the BR and PTI 
pathways. In the BR pathway, BAK1 promotes growth by interacting with BRI1 to initiate BR 
signal transduction at the plasma membrane (Li et al., 2002; Nam and Li, 2002a), and knockout 
of BAK1 and its homologs led to bri1-like BR-insensitive dwarf phenotypes (Gou et al., 2012). 
BAK1 also function as a co-receptor for several LRR-RLKs (FLS2, EFR and PEPR1) to 
perceive various PAMP signals (flg22, elf26 and AtPep1) (Yamaguchi, 2006; Zipfel et al., 2006; 
Chinchilla et al., 2007; Schulze et al., 2010) and promote PTI responses. In line with this idea, 
bak1 mutants showed reduced response to PAMPs, suggesting that BAK1 positively regulates 
PTI in Arabidopsis (Chinchilla et al., 2007). Additionally, bak1 mutants suppress the 
autoimmune phenotype of bir1 (BAK1-INTERACTING RECEPTOR-LIKE KINASE1), a RLK 
that functions as a negative regulator of plant immunity (Liu et al., 2016). Thus, one possibility is 
that BR signaling and the immunity antagonize each other is through competition for BAK1 in 
their receptor complexes.  
Two independent groups reported that the BR pathway inhibits PTI (Albrecht et al., 2012, 
Belkhadira, 2012). However, these two studies had opposite conclusions on regarding the role of 
BAK1 in this process. Belkhadir et al. reported that BAK1 was required for the antagonistic 
effect of BRs on PTI based on the following observations (Belkhadir et al., 2012; Belkhadir et 
al., 2014). First, overexpression of BR receptor (35S::BRI1 transgenic plants) displayed 
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compromised oxidative burst in response to flg22, elf19 and PGN treatment, but not to chitin, a 
component of the fungal cell wall that activates BAK1-independent defense response. The BRI1 
suppression of PTI requires BAK1. Consistent with these observations, overexpression of BR 
biosynthetic gene DWF4 also showed compromised response to flg22 (Belkhadir et al., 2012). 
Moreover, expression of a hyperactive BRI allele, BRI1sud1, led to enhanced PTI response, likely 
due to the fact that activated BAK1 (from constitutive active BRI1sud1) could also activate PTI 
response.  
Consistent with a negative role of BRs in PTI response, Albrecht et al. reported that 
treating Arabidopsis leaves with BR inhibited FLS2-mediated disease resistance to Pseudomonas 
synringae pv. tomato DC3000 (Pst DC3000), with compromised flg22 or elf18-triggered ROS 
burst and PTI marker gene expression (Albrecht et al., 2012). BR signaling outputs including 
BES1 phosphorylation and BR marker gene expression were unaltered by flg22 treatment, 
suggesting the regulation between BR and PTI is unidirectional (Albrecht et al., 2012). 
Therefore, both studies support negative regulation of PTI by the BR pathway. On the other 
hand, the results of Albrecht et al. suggest that BAK1 is not a rate-limiting factor that causes 
competition between BR and immune signaling. Co-treatment of BR and flg22 did not reduce 
the amount of FLS2 that associated with BAK1 (Albrecht et al., 2012), which is consistent with a 
model in which competition for BAK1 by BRI1 and FLS2 does not play a major role balancing 
growth and immunity.  One possibility for the opposite conclusions on the requirement of BAK1 
in BR/PTI interaction might be the different approaches, treatments and mutants used in these 
studies.  
Similar to the results regarding the role of BAK1 in immunity, application of BRs versus 
the use of BR mutants can lead to opposite conclusions about the effect of the BR pathway on 
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plant immune responses. In Hordeum vulgare, BR treatment enhanced the plant tolerance to 
Fusarium Head Blight (FHB) disease caused by fungi Fusarium culmorum (Ali et al., 2013). In 
Brassica napus, overexpression of AtDWF4 displayed increased tolerance to several fungal 
pathogens, confirming the results from the BR application experiments (Sahni et al., 2016). 
However, semi-dwarf ‘uzu’ barley mutant, which has a mutation (H857A) in the kinase domain 
of BRI1 and compromised BR signaling, displayed enhanced resistance to a broad range of viral 
and fungal pathogens, including Fusarium culmorum (Ali et al., 2014). The genetic studies 
indicate a negative role of BR signaling in fungal defense. Similarly, disruption of BRI1 in 
Brachypodium distachyon led to increased tolerance to necrotrophic and hemibiotrophic 
pathogens but not to biotrophic pathogens (Goddard et al., 2014). Taken together, these 
physiological and genetic studies suggest that BRs can play either a negative or positive role in 
biotic stress responses. The opposite results derived from plants exposed to the exogenous BR 
and from BR-mutants suggest that many factors such as plant age, environment, BR 
concentrations applied (i.e. signaling strengths) and activation of additional pathways may 
determine the different outcomes. 
Several receptor-like cytoplasmic kinases (RLCKs) are involved in both BR signaling 
and immunity response. One RLCK member, BOTRYTIS-INDUCED KINASE1 (BIK1), is 
phosphorylated by BAK1 upon flagellin perception and transphosphorylates FLS2/BAK1 via 
direct interaction to transduce the flagellin signal (Lu et al., 2010). bik1 mutants displayed 
compromised resistance to Pst DC300 infection, indicating that BIK1 also positively regulates 
flg22-induced immunity (Lu et al., 2010). BSK1, another RLCK member, is associated with BR 
receptor BRI1 upon BR activation and is phosphorylated by BRI1 to transduce the signal to 
downstream targets (Tang et al., 2008). bsk1 knockout mutants display increased susceptibility to 
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pathogens including Pst DC3000 with reduced levels of salicylic acid (SA) (Shi et al., 2013b). 
Furthermore, BSK1 directly interacts with FLS2 and is required for ROS burst, indicating a 
positive role of BSK1 in flg22-induced PTI (Shi et al., 2013b; Shi et al., 2013a). In contrast to 
BSK1, BIK1 plays a negative role in BR signaling since bik1 mutants are hypersensitive to 
brassinolide (BL), accumulate dephosphorylated-BES1 and have decreased expression of BR 
biosynthesis genes BR6OX, CPD and DWF4 (Lin et al., 2013). BIK1 associates with BRI1 and is 
directly phosphorylated by BRI1, which is enhanced upon BL treatment (Lin et al., 2013). In 
both BR signaling and FLS2 signaling, BIK1 dissociates from BRI1 and FLS2 receptors upon 
ligand perception. BAK1 is required for the dissociation of BIK1 with FLS2 in flg22-induced 
immunity but not in BR signaling (Lin et al., 2013). It was further shown that BIK1 regulates 
flg22-triggered immunity via phosphorylation of the NADPH oxidase RBOHD, which activates 
ROS burst and controls stomatal movement (Kadota et al., 2014; Li et al., 2014). It would be 
interesting to determine why BSK1 and BIK1 both play positive roles in PTI but have positive 
and negative functions in BR signaling, respectively. 
Both BAK1 and BIK1 were reported to be negatively regulated by phosphatases, which 
could be alleviated by PAMP treatment (Segonzac et al., 2014; Couto et al., 2016). PP2A 
associates with BAK1, negatively regulating BAK1’s activity (Segonzac et al., 2014), whereas 
PP2C38 negatively regulates BIK1’s activity in immunity (Couto et al., 2016). PP2C38 
associates with BIK1 and directly dephosphorylates BIK1, leading to a reduction of PAMP-
induced ROS production and stomatal immunity. Upon PAMP perception, PP2C38 is 
phosphorylated, likely by BIK1, which leads to dissociation of PP2C38 from BIK1 thus enabling 
BIK1 to activate ROS burst (Couto et al., 2016).  
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It has been reported that the crosstalk between BR and PTI occurs downstream of BIN2, 
a central negative regulator in the BR signaling pathway. Flg22-triggered ROS burst was 
inhibited by BIN2 kinase inhibitors LiCl/bikinin treatment or in loss-of-function of BIN2 
mutants (Lozano-Duran et al., 2013a). The BR-regulated transcription factor BZR1 appears to 
suppress bacterial defense through several mechanisms (Fig 4). First, BZR1 activates the 
expression of several WRKY transcription factors, WRKY11, WRKY15 and WRKY18, which 
negatively control the immunity response (Lozano-Duran et al., 2013b). Second, BZR1 interacts 
with WRKY40 to directly suppress genes required for PTI responses (Lozano-Duran et al., 
2013b). Finally, the bHLH transcription factor HBI1, which is required for BZR1-PIF4 mediated 
cell elongation and the activation of BR biosynthetic genes CPD, DWF4 and BR6OX1, inhibit 
the expression of PTI marker genes and is therefore proposed to mediate the trade-off between 
plant growth and bacterial defense (Fan et al., 2014).  
BZR1 is also implicated in fungal and insect defense, which appears to involve the plant 
hormones jasmonic acid (JA) and gibberellic acid (GA) (Fig 4). Gain-of-function bzr1-D 
mutants, exhibited enhanced resistance against thrip feeding with elevated expression of JA-
inducible VSP genes (Miyaji et al., 2014), indicating that BZR1 positively regulates insect 
defense, likely by activating JA signaling. In addition, as discussed above, BZR1 acts through 
ANAC transcription factor JUB1 to increase the biosynthesis of GA/BR as well as the expression 
of DELLA genes, which probably act together to promote fungal defense (Shahnejat-Bushehri et 
al., 2016a). Finally, overexpression of JUB1 led to enhanced susceptibility to Pst DC3000 
(Shahnejat-Bushehri et al., 2016b). JUB1’s contribution to BR-regulation of PTI remains to be 
defined, and may represent an indirect mechanism for BZR1 to positively regulate PTI via JUB1.  
In rice, BRs can antagonize GA-mediated fungal defenses by stabilizing SLR1, an ortholog of 
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Arabidopsis DELLA protein (Navarro et al., 2008; De Vleesschauwer et al., 2012); BRs can also 
suppress SA response to root oomycete Pythium graminicola inoculation (De Vleesschauwer et 
al., 2012). It’s proposed that P. graminicola uses BRs as a decoy to suppress SA signalling, 
operating downstream of SA biosynthesis but upstream of OsNPR1 and OsWRKY45, to achieve 
pathogenesis (De Vleesschauwer et al., 2012).  
In contrast to BZR1, BES1 was reported to play a positive role in bacterial immunity and 
a negative role in fungal defense.  Loss-of-function of bes1 mutants showed decreased resistance 
to Pst DC3000 and BES1 was identified as a direct substrate of MPK6 (Kang et al., 2015). 
Mutation of the MPK6 phosphorylation sites in BES1 (BES1SSAA) led to impaired disease 
resistance, suggesting a positive role of BES1 in plant immunity downstream of the MAPK 
pathway (Kang et al., 2015). BES1 has been found to negatively regulate the defense response to 
fungal pathogens as bes1-D gain-of-function mutants showed enhanced susceptibility to a 
necrotrophic fungus Alternaria brassicicola (Shin et al., 2016). The BES1 target transcription 
factor MYB30, positively regulates the hypersensitive cell death program in plants in response to 
bacterial and fungal pathogens (Vailleau, 2002; Li et al., 2009), likely mediating some of the 
BES1’s function in bacterial defense. MYB30-Interacting E3 Ligase1, MIEL1, interacts with and 
ubiquitinates MYB30, leading to MYB30 degradation, thus weakening MYB30-mediated 
hypersensitive cell death response (Marino et al., 2013). 
Early studies in Nicotiana benthamiana indicated that exogenous application of BR 
enhanced disease resistance to a broad range of pathogens, including virus (TMV), bacteria (Pst 
DC3000) and fungus (Oidium sp) (Nakashita, 2003).  A recent study using the Virus Induced 
Gene Silencing (VIGS) system revealed potential mechanisms of crosstalk between BR and virus 
resistance (Deng et al., 2016a) It was shown that foliar application of BL increased the tolerance 
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of tobacco plants to TMV with accumulation of BR-induced MAPK and RBOHB (NADPH 
oxidase B) gene expression, which is accompanied by ROS burst and defense-related gene 
expression. The BR-induced virus tolerance was compromised in BRI1 and BSK1-silenced plants 
(Deng et al., 2016a). These results indicated that BRs function through BRI1 and BSK1 to 
activate MAPK cascade and ROS production to confer TMV tolerance (Fig 4). On the other 
hand, BR activated BES1/BZR1 was shown to inhibit RBOHB gene expression, thereby 
reducing virus resistance and promoting plant growth (Deng et al., 2016a). The elevated 
expression of several defense-responsive genes was also observed in the overexpression 
transgenic line of wheat TaBRI1 in Arabidopsis, confirming the results from VIGS studies (Deng 
et al., 2016a; Deng et al., 2016b). BRs thus have dual roles in virus defense and the final 
outcome is probably determined by the relative signaling strengths of the two branches as well as 
plant growth and environmental conditions (Fig. 4).  
Similar to drought, there is accumulating evidence for crosstalk of BR and pathogen 
defense at multiple tiers of these complex signaling pathways. It seems that the role of BRs in 
plant immunity depends on the different pathogens, hosts and the systems used for studies (i.e. 
exogenously supplied hormone or mutants), which is reminiscent of factors that likely affect the 
relationship between the BR pathway and drought. The mechanisms controlling the regulation of 
plant immunity by BRs likely operate through complex regulatory networks, including crosstalk 
with other hormonal pathways. While it’s challenging to determine the function of these complex 
regulatory networks, further studies with systems level approaches may help clarify the functions 
and mechanisms of BRs in regulating the both plant immunity and drought pathways. 
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2.7. WRKY Transcription Factors 
WRKY transcription factor is among the ten largest families of transcription factors with 
over 70 members in higher plants (Ulker and Somssich, 2004). The name of the WRKY family is 
derived from their most prominent feature, the WRKY domain, containing 60 amino acid 
residues, which binds to conserve W-box (TTGACC/T) in target gene promoters (Eulgem et al., 
2000). Besides the WRKY domain, a WRKY transcription factor also has a zinc-finger motif at 
its C-terminus, either Cx4-5Cx22-23HxH (CCHH) or Cx7Cx23HxC (CCHC). WRKY family 
members are divided into three groups according to the numbers of WRKY domains (two 
WRKY domains in Group I, and one in Group II and III) and the structure of the zinc fingers 
(CCHH in Group I and II, CCHC in Group III) (Rushton et al., 2010). Group III includes 8 
members, WRKY30, WRKY41, WRKY46, WRKY53, WRKY54, WRKY70, WRKY55 and 
WRKY52 (Wu et al., 2005).  
WRKY family transcription factors integrate various signaling pathways to modulate 
plant physiological process such as abiotic stress responses, defense and senescence (Rushton et 
al., 2010; Eulgem et al., 2007). Earlier studies have mainly focused on the function of WRKYs 
in plant defense response. Plants developed two modes of immune systems to combat the 
pathogen: PTI and ETI. Extensive studies have revealed that WRKY are crucial regulators in PTI 
or ETI signaling. Both PTI and ETI can induced systemic acquired resistance (SAR) through a 
complex network of signaling components. NPR1 is a transcription factor that played an 
indispensable role in the SA-mediated SAR. Eight WRKY genes were identified to be direct 
targets of NPR1, including WRKY18, WRKY38, WRKY53, WRKY54, WRKY58, WRKY59, 
WRKY66 and WRKY70 (Wang et al., 2006). Among those, WRKY53 and WRKY70 played 
positive roles in SA-mediated gene expression and resistance (Wang et al., 2006). The WRKY70 
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knockdown mutant was more susceptible to P. syringae, whereas the overexpression of 
WRKY70 showed enhanced resistance to the bacterial inoculation (Li et al., 2004). WRKY46, 
which was induced by SA and P. syringae infection, coordinated with WRKY53 and WRKY70 
to positively regulate basal resistance to P. syringae (Hu et al., 2012). Double mutants 
wrky46wrky70 and wrky46wrky53 and triple mutant wrky46wrky53wrky70 displayed increased 
susceptibility to bacteria P. syringae (Hu et al., 2012). The function of WRKY46 in plant 
defense is dependent on MAPK cascade (Sheikh et al., 2016). WRKY46 is a substrate of MPK3 
and is destabilized by flagellin-derived flg22 peptide. Overexpression of WRKY46 in protoplasts 
led to enhanced resistance by increasing the transcriptional activity of PAMP-responsive gene in 
a MAPK-dependent manner.  
In addition to the role in the defense response, WRKYs are also involved in the plant 
growth and development process, including leaf senescence, seed size, trichome and seed coat 
development. TTG2 (TRANSPARENT TESTA GLABRA2), encodes a WRKY transcription 
factor with two WRKY domains (WRKYGQK) and a conserved CCHH zinc finger pattern 
(Johnson, 2002). ttg2 mutant displayed defects in trichome development with reduced branching 
and seed coat with a pale color and a lack of mucilage production. Another WRKY family 
member, MINI3 (MINISEED3), which encode WRKY10, was also identified to be involved in 
the seed development (Luo, 2005). The mini3 knockout mutant showed a smaller seed phenotype 
in both size and weight associated with reduce growth of endosperm than WT. Miao et al. found 
that WRKY53 was involved in the leaf senescence by binding to the promoters of senescence-
associated genes (SAGs) (Miao, 2004). Overexpression WRKY53 transgenic plants exhibited 
accelerated senescence phenotype, whereas the RNAi and knockout lines had delayed 
senescence phenotype, indicating the positive role of WRKY53 played in the leaf senescence 
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(Miao, 2004). Most likely, WRKY53 interacts with ESR/ESP (EPITHIOSPECIFYING 
SENESCENCE REGULATOR) to mediate the crosstalk between SA and JA-regulated leaf 
senescence (Miao and Zentgraf, 2007). On the other hand, WRKY70 negatively regulates the 
leaf senescence as 6-7 week-old wrky70 mutant exhibited yellowing phenotype of leaves and it 
also showed the yellowing phenotype and cell death under dark with increased expression of 
senescence-associated genes (SAGs) (Ulker et al., 2007). Two additional WRKYs, WRKY54 
and WRKY30, were also found to be involved in the developmental process of leaf senescence 
(Besseau et al., 2012). WRKY53, WRKY54 and WRKY70 were shown to interact with 
WRKY30 by yeast two-hybrid assay to form a regulatory network to mediate the development 
during leaf senescence.  
Recent studies revealed WRKY transcription factors played a crucial role in abiotic stress 
response (Rushton et al., 2012). Overexpression transgenic wheat of TaWRKY2 and TaWRKY19 
displayed increased tolerance to drought stress (Niu et al., 2012). TaWRKY2 and TaWRKY19 
regulate the expression of drought-responsive genes by binding to the promoter of RD29B and 
RD29A/B, COR6.6, respectively. TaWRKY10 also played a positive role in the drought and salt 
stress as overexpression of TaWRKY10 in tobacco led to enhanced tolerance to the stress and 
differential expression pattern of stress-related genes (Wang et al., 2013). Another WRKY 
transcription factor TaWRKY44 was found to be involved in the response to drought and salt 
stress as well (Wang et al., 2015). Overexpression of TaWRKY44 in tobacco exhibited drought 
and salt tolerance and the expression of ROS-related and stress- responsive genes in tobacco was 
upregulated under stress condition. AtWRKY54 and AtWRKY70 cooperate as negative 
regulators of stomatal closure to regulate osmotic stress tolerance as wrky54wrky70 double 
mutant had enhanced osmotic stress and stomatal closure (Li et al., 2013). WRKY46 was found 
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to have dual roles in regulating plant responses to drought and salt stress since both the knockout 
and overexpression plants of WRKY46 resulted in hypersensitivity to drought and salt stress with 
a higher water loss rate (Ding et al., 2014). Microarray analysis showed that WRKY46 regulates 
many genes in cellular osmoprotection and redox homeostasis under dehydration stress. 
Along with other family of transcription factors (for instance, MYC/MYB and bZIP), 
WRKYs are involved in ABA-dependent abiotic stress tolerance by binding to the cis-elements 
W-box of target genes (Gahlaut et al., 2016). Arabidopsis WRKY18, WRKY40 and WRKY60 
were found to function as negative regulators of ABA signaling through inhibition of ABA-
responsive genes such as ABI5 by binding to W-boxes in their promoters (Shang et al., 2010; Liu 
et al., 2012). Overexpression of GhWRKY17 (isolated from cotton) led to increased sensitivity 
of plants to drought by reducing the level of ABA and the transcript levels of ABA-inducible 
genes, indicating that it also played a negative role in responding to drought through ABA 
signaling (Yan, 2014). In contrast, one of ABA-hypersensitive mutants, abo3, with a mutation in 
AtWRKY63 had reduced drought tolerance and reduced expression of ABA-responsive 
transcription factors and stress-inducible genes RD29A and COR47, suggesting that WRKY63 
acts as a positive regulator in ABA-mediated drought response (Ren et al., 2010).  
CsWRKY46 (isolated from cucumber), a member of group II WRKY, positively 
regulated the cold signaling pathway dependent on ABA (Zhang et al., 2016). CsWRKY46 
overexpression plants displayed higher seedling survival rates upon freezing treatment and was 
hypersensitive to ABA during seed germination. qRT-PCR showed that the elevation of ABI5 
transcripts and other stress-inducible genes, including RD29A and COR47. AtWRKY46, 
previously identified to be involved in the drought and salt stress response, played an important 
role in the development of lateral roots (LR) during the salt or osmotic stress via regulation of 
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ABA signaling and auxin homeostasis (Ding et al., 2015). wrky46 mutants had reduced lateral 
roots under osmotic/salt stress conditions while WRKY46 OE displayed enhanced LR 
development. WRKY46 directly controlled the expression of ABA-INSENSITIVE 4 (ABI4) and 
genes involved in auxin conjugation.  
In summary, a large number of studies demonstrated that WRKY transcription factors 
regulate multiple stress responses, and plant growth and development. However, functions of 
WRKYs in BR-regulated plant growth and stress responses have not been reported yet. 
2.8. Conclusion 
Taken together, BRs play essential role in the plant growth and development. DET2, 
DWF4 and CPD are three key enzymes characterized earlier in BR biosynthesis. BRs are 
perceived by the plasma membrane-localized receptor kinase BRI1 and co-receptor BAK1; and 
the signal is transduced through various intermediates including the negative acting GSK3-like 
kinase BIN2 to downstream BES1/BZR1 family transcription factors, which regulate the 
expression of thousands of genes for BR response (Clouse et al., 1996; Li and Chory, 1997; Li et 
al., 2001; He et al., 2002; Li and Nam, 2002; Li et al., 2002; Nam and Li, 2002b; Wang et al., 
2002; Yin et al., 2002; Zhao et al., 2002b; Clouse, 2011; Guo et al., 2013). BRs are also involved 
in a wide range of stress responses, such as cold stress, drought, oxidative stress, high salt, high 
temperature, heavy metal and pathogen attack (Krishna, 2003; Hao et al., 2013; Rajewska et al., 
2016). However, the mechanism about how BRs regulate the stress response such as drought 
response or defense response is still not well understood. Multiple WRKY family TFs were 
found to be involved in the immunity response, abiotic stress response, and plant growth and 
development. Therefore, studies focusing on WRKYs utilizing genetic and biochemical 
approaches can help elucidate the mechanism of BRs in mediating stress responses.  
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2.10. Figures 
 
Figure 1. Three key enzymes in BR biosynthetic pathway. DET2 converts campesterol (CR) to 
campestanol (CN), and then CN is converted to 6-deoxocathasterone (6-deoxoCT) by DWF4, 
which will be converted to 6-deoxoteasterone (6-deoxoTE) by CPD. Then through a series of 
oxidation to the final product brassinolide (BL). 
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Figure 2. Model of BR signaling pathway. In the absence of BRs, BKI1 binds BRI1 and 
constraint its interaction with BAK1 to block its activity. BIN2 phosphorylates BES1/BZR1, 
which leads to their protein degradation, reduced DNA binding activity, etc. In the presence of 
BRs, BKI1 dissociated with BRI1 by phosphorylation and the 14-3-3 proteins interacts with 
phosphorylated BKI1 to release the inhibitory effect of BKI1 on BRI1. BRI1 and BAK1 
transphosphorylated each other with the aid of TWD1. Activated BRI1 phosphorylates 
downstream components BSK1 and CDG1, promoting them to bind to BSU1 and activate BSU1, 
a phosphatase that inhibits the activity of BIN2. Then PP2A dephosphorylated BES1/BZR1. 
Therefore, dephosphorylated BES1/BZR1 accumulated in the nucleus to regulate thousands of 
genes through the interaction with cofactors, such as through REF6/IWS1/SDG8/BIM4/MYB30 
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to regulated BR-induced genes, through MYBL2/HAT1 to inhibit the expression of BR-
repressed genes. 
 
 
 
Figure 3. The Diverse Role of BIN2. BIN2 regulates various signaling pathway through 
phosphorylation.  
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Figure 4. Crosstalk between BR and immunity. There are complex and multi-layer crosstalk 
between BR and plant immunity. 1. Genetic studies indicated that BR and PAMP receptors may 
compete for common co-receptor BAK1, thus enabling BR-repression of PTI. 2. Bacterial 
infection leads to phosphorylation and activation of BIK1, which activates RBOH and ROS burst 
to confer hypersensitive response. 3. In the nucleus, BR-activated BZR1 can inhibit PTI-
mediated defense gene expression through WRKY11/15/18, HBI1, or in collaboration with 
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WRKY40. 4. BZR1 can also function through JA and GA pathways (directly or through ANAC 
TF JUB1) to regulate fungal defense. 5. JUB1 can modulate BR and SA pathways to inhibit 
bacterial defense.  6. In contrast, BES1 is activated by MAPK pathway and plays a positive role 
in bacterial defense, which involves MYB30, its E3 ligase MIEL1 and likely other regulators. 7. 
Recent studies also suggest that BR signaling to activates MEK2-SIPK through BRI1 and BSK1, 
which in turn triggers RBOH to generate ROS to confer virus resistance.  On the other branch, 
BES1 inhibits the expression of RBOH and thus virus resistance, mediating trade-offs between 
BES1-promoted growth and virus tolerance.   
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3.1. Abstract 
Plant steroid hormones, Brassinosteroids (BRs), play important roles in growth and 
development. BR signaling controls the activities of BES1/BZR1 transcription factors. Besides 
the role in promoting growth, BRs are also implicated in plant responses to drought stress. 
However, the molecular mechanisms through which BRs regulate drought response have just 
begun to be revealed. On the other hand, the functions of WRKY transcription factors in BR-
regulated plant growth have not been established, although their roles in stress responses are well 
documented. Here we found that three group III WRKY transcription factors, WRKY46, 
WRKY54 and WRKY70, are involved in both BR-regulated plant growth and drought response 
as the wrky46 wrky54 wrky70 triple mutant has defects in BR-regulated growth and is more 
tolerant to drought stress. RNA-seq analysis revealed global roles of WRKY46, WRKY54 and 
WRKY70 in promoting BR mediated gene expression and inhibiting drought responsive genes. 
WRKY54 directly interacts with BES1 to cooperatively regulate the expression of target genes. 
In addition, WRKY54 is phosphorylated and destabilized by GSK3-like kinase BIN2, a negative 
regulator in the BR pathway. Our results therefore establish WRKY46/54/70 as important 
signaling components that are positively involved in BR-regulated growth and negatively 
involved in drought responses.   
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3.2. Introduction 
Plant steroid hormones, Brassinosteroids (BRs), modulate multiple plant growth and 
developmental processes, including cell elongation and division, vascular differentiation, 
senescence, photomorphogenes and response to biotic and abiotic stresses (Li et al., 1996; 
Szekeres et al., 1996; Li and Chory, 1997). Over the past decades, extensive genetic and 
molecular studies have revealed the BR signaling pathway. BRs are perceived by the plasma 
membrane-localized receptor kinase BRI1 and co-receptor BAK1; and the signal is transduced 
through various intermediates including the negative acting GSK3-like kinase BIN2 to 
downstream BES1/BZR1 family transcription factors (TFs), which regulate the expression of 
thousands of genes for BR response (Clouse et al., 1996; Li and Chory, 1997; Li et al., 2001; He 
et al., 2002; Li and Nam, 2002; Li et al., 2002; Nam and Li, 2002; Wang et al., 2002; Yin et al., 
2002; Zhao et al., 2002; Clouse, 2011; Guo et al., 2013).   
BRs interact extensively with gibberellic acid (GA) in the regulation of plant growth (Bai 
et al., 2012; Gallego-Bartolome et al., 2012; Li et al., 2012; Tong et al., 2014; Unterholzner et 
al., 2015; Shahnejat-Bushehri et al., 2016). In addition to the critical role in the plant growth and 
development, BRs are also involved in a wide range of stress responses, such as cold stress, 
drought, oxidative stress, high salt, high temperature, heavy metal and pathogen attack (Krishna, 
2003; Hao et al., 2013; Rajewska et al., 2016). Earlier studies suggested positive roles of BRs in 
drought tolerance in wheat, Arabidopsis thaliana and Brassica napus (Sairam, 1994; Kagale et 
al., 2007). For example, overexpression of Arabidopsis BR biosynthetic gene AtDWF4 in 
Brassica napus resulted in enhanced tolerance to drought (Sahni et al., 2016). However, genetic 
studies also indicated a negative role of BRs or BR signaling in drought responses. Loss-of-
function BR mutants showed increased tolerance to drought (Beste et al., 2011; Northey et al., 
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2016; Nolan et al., 2017; Ye et al., 2017), and RNAi knockdown of BRI1 in Brachypodium 
distachyon led to enhanced drought tolerance and elevated expression of drought-regulated genes 
(Feng et al., 2015). Recent studies have started to reveal mechanisms of BR-abiotic stress 
signaling. BIN2 phosphorylates and positively regulates SnRK2.2 and 2.3 as well as ABI5 
involved in drought/ABA signaling (Cai et al., 2014; Hu and Yu, 2014). ABA induces the 
expression of OsREM4.1, a membrane anchored protein that inhibits BR signaling by inhibiting 
BRI1-BAK1 complex formation (Clouse, 2016; Gui, 2016). More recently, it was found that 
RD26, a NAC transcription factor, mediates crosstalk between BR and drought pathways 
through reciprocal inhibition between RD26 and BES1 transcriptional activities (Ye et al., 2017). 
Under drought or starvation conditions, BES1 is targeted to selective autophagy through the 
actions of SINAT E3 ubiquitin ligase and ubiquitin receptor protein DSK2, thereby balancing 
plant growth and stress responses (Nolan et al., 2017; Yang et al., 2017). 
The WRKY family TFs are only found in higher plants and are composed of over 70 
members in Arabidopsis (Ulker and Somssich, 2004). This family of TFs contains a well 
conserved WRKY domain, which binds to the W-box ((T)TGACC/T) in the target gene 
promoters (Eulgem and Somssich, 2007), and a zinc finger motif at its C-terminus either CX4-
5CX22-23HXH (CCHH, X denotes any amino acid, 4-5/22-23 indicate the number of amino acids) 
or CX7CX23HXC (CCHC) (Eulgem, 2000). The WRKY family is categorized into three groups 
according to the number of WRKY domains and the structure of zinc finger (Rushton et al., 
2010). WRKY46, WRKY54, WRKY70 belong to the group III with one WRKY domain and 
CCHC zinc finger motif (Eulgem, 2000). Many studies have indicated that WRKY TFs play 
crucial roles in plant innate immunity as well as abiotic responses (Eulgem, 2000; Li et al., 2006; 
Eulgem and Somssich, 2007; Murray, 2007; Ulker et al., 2007; Higashi et al., 2008; Ren et al., 
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2010; Rushton et al., 2010; Chen et al., 2012; Hu et al., 2012; Li et al., 2013; Chujo et al., 2014). 
It is known that WRKY TFs can control multiple plant responses via transcriptional 
reprogramming (Rushton et al., 2010). For instance, WRKY46 participated in basal defense 
against bacteria Pseudomonas syringae since gain-of-function WRK46 plants were more resistant 
to the bacteria (Hu et al., 2012). In addition, WRKY46 was found to have dual roles in regulating 
plant responses to drought and salt stress as the overexpression of WRKY46 resulted in 
hypersensitivity to drought and salt stress with a higher rate of water loss (Ding et al., 2014b). 
Microarray analysis showed that WRKY46 regulates a number of genes in cellular 
osmoprotection and redox homeostasis under dehydration stress (Ding et al., 2014b). Similarly, a 
wrky54 wrky70 double mutant showed increased tolerance to osmotic stress, which was 
accompanied by enhanced stomatal closure and improved water retention, suggesting that 
WRKY54 and WRKY70 cooperate as negative regulators of osmotic stress in Arabidopsis (Li et 
al., 2013). Although the role of WRKY family TFs in stress responses is well established, their 
role in hormone-regulated plant growth remains to be investigated.  
In this study, we found that Arabidopsis WRKY46, WRKY54 and WRKY70 were induced 
by BRs and play positive roles in BR-regulated plant growth. Moreover, we showed that 
WRKY46, WRKY54 and WRKY70 negatively regulate drought tolerance, consistent with their 
previously described role in stress response. RNA-seq analysis indicated that WRKY46, 
WRKY54 and WRKY70 negatively regulate dehydration-responsive gene expression while 
promoting BR regulated gene expression. Further, we demonstrated that WRKY54 interacts with 
BES1 to control the expression of BR-regulated and dehydration-responsive genes. Our results 
thus revealed the dual roles of WRKY46/54/70 in plant growth and drought responses by 
cooperating with BR-regulated transcription factor BES1. 
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3.3. Results 
3.3.1 WRKY46, WRKY54 and WRKY70 are positive regulators in BR pathway  
Our previously published microarray data showed that the expression levels of WRKY46, 
WRKY54 and WRKY70 were induced by BRs in wild-type (Emsley and Cowtan) seedlings and 
also increased in bes1-D mutants treated with or without brassinolide (BL), the most active BR 
(Noguchi et al., 2000; Li et al., 2010). To confirm this result, WRKY46, WRKY54 and WRKY70 
mRNA levels were determined in 4-week-old WT and bes1-D mutants with or without BL 
treatment by quantitative real-time PCR (qPCR). Consistent with previous microarray data, 
WRKY46/54/70 transcript levels were increased by 1.5 to 6 fold in adult WT and/or bes1-D 
plants after BL treatment (Figure 1A). These results indicate that BRs promote the expression of 
WRKY46/54/70. 
To determine the biological functions of WRKY46/54/70 in the BR pathway, we 
obtained T-DNA insertion lines for these genes (Supplemental Figure 1A). Single knockout 
mutants for wrky46, wrky54 or wrky70 did not show any obvious growth phenotype compared to 
WT (Figure 1B). Since WRKY46, WRKY54 and WRKY70 have high similarities in protein 
sequences (Supplemental Figure 1B) and might function redundantly, we generated wrky46 
wrky54, wrky46 wrky70 and wrky54 wrky70 double mutants to determine their role in plant 
growth. The double mutants showed a slightly reduced-growth phenotype than WT or the single 
mutants (Supplemental Figure 2A). We then generated wrky46 wrky54 wrky70 triple mutants 
(w54t), which displayed a stronger reduction in growth with shorter blade lengths, blade widths 
and petiole lengths (Figure 1B and 1C). Moreover, w54t has a dwarf phenotype at the flowering 
stage (Supplemental Figure 2B). Genetic complementation experiments were performed to 
confirm that the w54t mutant phenotype is caused by loss-of-function of these genes. Expression 
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of WRKY54 in w54t mutant rescued the mutant phenotype, as 123 out of 227 transgenic plant 
showed a clear WT-like phenotype, whereas none of the 143 w54t plant lines transformed with 
control vector showed rescued phenotype (Figure 1D; Supplemental Figure 2C). To further 
determine if other Class III members (WRKY30, WRKY41 and WRKY53) contribute to plant 
growth, we constructed a sextuple mutant wrky46 wrky54 wrky70 wrky30 wrky41 wrky53 
(wrkyS) and found that the sextuple mutants have a slightly stronger growth phenotype than w54t 
triple mutants (Supplemental Figure 3A to 3C), suggesting that WRKY30, WRKY41 and 
WRKY53 play some role in vegetative growth. Taken together, these genetic results indicate that 
WRKY46/54/70 together with other group III WRKY TFs function redundantly and play a 
positive role in plant growth.  
We then monitored BES1 protein levels, a well-established marker for the BR pathway. 
BES1 levels, particularly the dephosphorylated form, were decreased significantly in 4 week-old 
w54t plants compared to WT, whereas the single mutants had only slightly reduced BES1 levels 
(Figure 1B, middle and lower panels) (Yin et al., 2002; Yin et al., 2005). The reduction of BES1 
protein might be due to reduced BR biosynthesis or signaling. To elucidate the mechanism 
underlying the altered BES1 protein levels, the expression of BR biosynthesis genes, DWF4, 
DET2 and CPD, was determined in the w54t mutants (Kim et al., 2005). The mRNA level of 
DWF4, DET2 and CPD decreased 1 to 5-fold in the triple mutant compared to WT 
(Supplemental Figure 4A). The reduction of BR biosynthesis genes in w54t prompted us to 
determine the endogenous levels of BRs in WT and w54t plants (Xin et al., 2013). The amount of 
BL was below detectable levels in adult leaves, but the level of castasterone (CS), a precursor of 
BL, was slightly reduced by 10% in w54t compared to WT (Supplemental Figure 4B). The 
sextuple mutant wrkyS showed a 20% decrease in CS levels accompanied by a stronger reduction 
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in growth (Supplemental Figure 4B). The levels of 6-deoxoCS, the precursor of CS, which is 
about 50-100 times more abundant than CS, does not seem to significantly change in the mutants 
(Supplemental Figure 4C and 4D).  
We also examined the BES1 protein phosphorylation status and level in w54t mutant in 
response to BL. Application of exogenous BL restored the BES1 protein level in w54t to the WT 
level after 0.5 hour BL treatment (Figure 1E). However, when grown in the presence of different 
concentrations of BL, the w54t mutant showed decreased sensitivity to BL compared to WT with 
shorter hypocotyls, although BL could restore the BES1 protein in w54t to the WT level (Figure 
1F; Supplemental Figure 5A). We also determined mutant responses to other plant hormones and 
found that the w54t as well as single mutants have normal response to auxin and ethylene in 
hypocotyl elongation assays (Supplemental Figure 5B) (Smalle J., 1997). It appears that w54t 
mutants also have reduced hypocotyl elongation in response to gibberellic acid (GA), consistent 
with recent findings that BRs can function upstream of GA to regulate cell elongation 
(Supplemental Figure 5B) (Tong et al., 2014; Unterholzner et al., 2015). The fact that BES1 
levels could be restored by BL treatment yet the w54t mutant still displayed decreased BL 
response suggests that WRKY46/54/70 might play a pivotal role in BR signaling. 
3.3.2. WRKY46/54/70 is required for the regulation of BR/BES1 target genes 
BES1/BZR1 interact with other transcription factors, such as MYB30, PIF4 and HAT1 to 
control BR-regulated gene expression (Li et al., 2009; Li et al., 2012; Oh et al., 2012; Zhang et 
al., 2014). We hypothesized that WRKY46/54/70 might also function as cofactors of BES1 to 
regulate BR target genes. To test this idea, we first performed RNA-sequencing analysis with 4-
week-old adult plants of w54t, and analyzed the overlap of the genes differentially expressed in 
the triple mutant with those affected in bes1-D, a gain-of-function mutant in BES1, to determine 
	 58 
if WRKY46/54/70 regulate the expression of BR/BES1 target genes. A significant portion of 
genes up- or –down-regulated in the w54t mutant are down- or up-regulated in bes1-D, 
respectively (Figure 2B and 2C; Supplemental Table 1 and Table 2). The results suggest that 
WRKY46/54/70 positively participate in BES1-regulated gene expression. Similar results were 
observed in the wrkyS mutant (Supplemental Figure 6A and 6B). 
To confirm the effect of WRKY46/54/70 on the transcriptional regulation on BR targets, 
we used qPCR to examine the expression of several genes differentially expressed in w54t that 
are also regulated by BRs as reported in our previous global gene expression analysis 
(Supplemental Table 5) (Yu et al., 2011; Wang et al., 2014). All three of the BR-induced genes 
tested have compromised induction by BL in w54t (Figure 2C). Similarly, three of the BR-
repressed genes that were examined are up-regulated in w54t (Figure 2D). The results indicate 
that WRKY46/54/70 are required for the expression of BR-regulated gene expression, 
confirming that WRKY46/54/70 function positively in BR signaling.  
3.3.3. BES1 cooperates with WRKY54 to regulate the transcription of BR target genes 
Next, given the strong effect of w54t mutants on BR regulated gene expression, we tested 
if WRKY46/54/70 interact with BES1 to cooperatively regulate BR regulated gene expression. 
We first chose WRKY54 as a representative TF of the WRKY46/54/70 family to investigate the 
interaction between WRKYs and BES1. Yeast-two hybrid assays demonstrated an interaction 
between BES1 and WRKY54 (Supplemental Figure 7A) which was confirmed by GST pull-
down using maltose binding protein (MBP)-tagged BES1 protein and glutathione S-transferase 
(GST)-tagged WRKY54 (Supplemental Figure 7B).  
We next tested the interaction between BES1 and WRKY54 in vivo by biomolecular 
fluorescence (BiFC) assay with BES1 fused to the N-terminal of YFP (YFPN) and WRKY54 
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fused to the C-terminal of YFP (YFPC). When co-expressed in N. benthamiana, BES1-YFPN 
and WRKY54-YFPC resulted in reconstituted YFP signal (Figure 3A). However, no 
fluorescence signal was observed in negative controls where WRKY54-YFPC was co-expressed 
with YFPN or BES1-YFPN was expressed with YFPC (Figure 3A; Supplemental Figure 7F). 
These results confirm that WRKY54 interacts with BES1 in vivo. Similar results were obtained 
for WRKY46 and WRKY70 in BiFC assays, indicating that these TFs also interact with BES1 
(Figure 3A). 
To test our hypothesis that WRKY54 and BES1 cooperate in the regulation of BR target 
genes, two BR-repressed genes (At2g45210 and At1g43910) were used to generate promoter-
luciferase (LUC) reporter constructs for transient gene expression analysis in N. benthamiana. 
BES1 or WRKY54 alone repressed reporter activity to about 50% of the control level and the 
reporter activity was further reduced to about 20% when both BES1 and WRKY54 were co-
expressed (Figure 3B and 3C). Taken together, our results indicate that BES1 and WRKY54 
interact with each other and cooperate to regulate the expression of BR target genes. 
3.3.4. WRKY46, WRKY54 and WRKY70 play negative roles in drought response 
WRKY54 and WRKY70 were previously identified as negative regulators of osmotic 
stress tolerance in Arabidopsis (Li et al., 2013). To test whether WRKY46/54/70 regulate 
drought tolerance, WT, wrky46, wrky54 and wrky70 single mutants, wrky46 wrky54, wrky46 
wrky70 and wrky54 wrky70 double mutants and w54t triple mutants were subjected to drought 
survival assays. After drought and re-watering, w54t mutants exhibited significantly higher 
survival rates than WT, the single mutants or the double mutants (Figure 4A and 4B; 
Supplemental Figure 8). The results indicate that WRKY46/54/70 negatively regulate drought 
stress response.  
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3.3.5. WRKY46/54/70 repress dehydration-inducible gene expression 
To reveal the mechanism of WRKY46/54/70 in drought response, we performed global 
gene expression studies using 4-week old WT and w54t plants under control and dehydration 
conditions by RNA-seq. After 4-hour dehydration, 310 genes were induced and 244 genes were 
repressed in WT plants (Figure 4C, Supplemental Table 3). Consistent with their strong 
phenotype in growth and drought response, 4,600 genes were up-regulated and 4,530 genes were 
down-regulated in w54t mutants (Figure 2B; Supplemental Table 2).  Many of the genes 
differentially expressed in w54t mutants are involved in response to various stresses and cellular 
processes (Supplemental Figure 10). Among these, 156 of dehydration-repressed genes were 
constitutively down-regulated and 164 of the dehydration-induced genes were constitutively up-
regulated in w54t mutant without dehydration treatments (Figure 4D and 4E). These results were 
consistent with our observation that w54t was more tolerant to drought stress. We compared the 
genes differentially regulated in w54t under dehydration condition (143 genes down-regulated in 
w54t upon dehydration and 235 genes up-regulated in w54t upon dehydration) with those 
differentially expressed in bes1-D and found that the,mre were significant overlaps between 
these two datasets (Supplemental Figure 8D). 55.2% of genes down-regulated in w54t under 
dehydration condition were up-regulated in bes1-D, but only 3% of the genes were down-
regulated in bes1-D. Similarly, one quarter of genes up-regulated in w54t under dehydration 
condition were down-regulated in bes1-D, whereas about 14% were up-regulated in bes1-D. The 
results suggest that WRKY46/54/70 indeed play important roles in BR-regulated drought 
tolerance. 
To confirm our RNA-seq data, three dehydration-induced genes, ABI5, GLYI7 and RD20 
were chosen for qPCR validation (Fujita et al., 2005; Yuan et al., 2014; Pinedo et al., 2015). The 
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expression of these genes increased significantly in w54t mutants with or without dehydration 
(Figure 5A). Next, we investigated if BES1 and WRKY54 cooperate in the regulation of 
dehydration-induced genes using LUC reporter assays with the GLY17 promoter. BES1 or 
WRKY54 individually resulted in about 2-fold reduction in reporter activity, and co-expression 
of BES1 and WRKY54 led to a further reduction, showing a 4-fold reduction in reporter activity 
(Figure 5C). The W-box ((T)TGACC/T) and G-box (CACGTG) were previously shown to be 
conserved binding motifs for WRKY TFs and BES1, respectively (Eulgem and Somssich, 2007; 
Yu et al., 2011). To test if the repression effect of WRKY54 and BES1 on the dehydration-
inducible gene is through binding to the W-box and G-box, GLYI7 promoter containing mutated 
W-box, G-box or both were fused with LUC and coexpressed with BES1 or WRKY54 alone or 
together (Figure 5B). The results showed that W-box mutation disrupted WRKY54-mediated 
repression of the GLYI7 promoter (Figure 5C). Similarly, mutation of the G-box abrogated the 
effect of BES1 on GLY17 promoter activity. The simultaneous mutation of W-box and G-box 
completely reversed the repressive effect of both BES1 and WRKY54 on GLYI7 expression 
(Figure 5C). Taken together, these results indicate that WRKY46/54/70 negatively modulate 
drought tolerance and likely cooperate with BES1 to repress drought-inducible genes by binding 
to the W-box and G-box, respectively.   
3.3.6. WRKY54 is phosphorylated and destabilized by BIN2 kinase 
BIN2, a glycogen synthase kinase-3 like kinase, is a negative regulator in the BR 
pathway. Substrates of BIN2 share a consensus motif S/TXXXS/T, where S/T denotes serine or 
threonine and X can be any amino acid (Zhao et al., 2002). WRKY54 protein has 29 putative 
BIN2 phosphorylation sites, suggesting that it might be a substrate of BIN2 (Supplemental 
Figure 7C). Yeast two-hybrid assays indicated that BIN2 and WRKY54 indeed interacted with 
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each other (Supplemental Figure 7D). GST pull-down assay showed that GST-WRKY54, but not 
GST alone, pulled down a significant amount of MBP-BIN2 (Supplemental Figure 7E). BiFC 
assays further indicated the direct interaction between WRKY54/WRKY46/WRKY70 and BIN2 
(Figure 6A). These results suggest that WRKY54 and its homologs directly interact with BIN2.  
To test if WRKY46/54/70 are substrates of BIN2, we then carried out in vitro kinase 
assays with 32P labeled ATP. MBP-tagged WRKY54 could be phosphorylated by GST-BIN2 
kinase; and the phosphorylation of WRKY54 and BIN2 auto-phosphorylation was inhibited by 
bikinin, an inhibitor of BIN2 kinase (Figure 6B and 6C) (De Rybel et al., 2009). These results 
indicate that WRKY54 is a substrate of BIN2. Similar results were obtained for WRKY46 and 
WRKY70, indicating that these TFs are also phosphorylated by BIN2 kinase (Figure 6B; 
Supplemental Figure 7G).  
Several previous reports indicated that BIN2 phosphorylation can lead to protein 
destabilization in vivo (Youn and Kim, 2015). In order to determine the biological function of 
BIN2 phosphorylation on WRKY54 in vivo, the stability of WRKY54 in BIN2 gain-of-function 
(bin2-1) and loss-of-function (bin2-3 bil1 bil2) mutants was examined by immunoblotting with a 
WRKY54 antibody we developed (Supplemental Figure 9A and 9B). As shown in Fig. 6D, 
WRKY54 protein was increased by more than 3-fold in bin2-3 bil1 bil2 triple mutants and 
reduced by half in bin2-1 compared to WT (Figure 6D). These results suggest that WRKY54 
stability is negatively correlated with BIN2 abundance in vivo. To confirm these results, we 
examined WRKY54 accumulation in WT plants after 1 µM BL treatment, which inhibits BIN2 
kinase activity. WRKY54 protein accumulated to about 2.2 fold after 4 hours of BL treatment 
(Figure 6E). These results illustrate that WRKY54 is involved in the BR pathway and can be 
regulated by BRs at both transcriptional and post-transcriptional levels.  
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The roles of WRKY and BES1 in the crosstalk of plant growth and stress response 
prompted us to examine the protein level of WRKY54 and BES1 in response to drought stress. 
Water was withheld from 4-week-old WT plants; and control or drought-treated samples were 
collected 8-10 days after withholding water. As shown in Figure 7A, the protein levels of 
WRKY54 and BES1 started to decrease 9-days after drought treatment and WRKY54 protein 
was almost undetectable at the 10-day time point (Figure 7A). These results suggest that 
WRKY54 plays a vital role in the coordination of plant growth and drought stress response.  
3.4. Discussion 
WRKY transcription factors, found exclusively in the plant kingdom, integrate various 
signaling pathways to modulate numerous processes including stress responses, nutrient 
deprivation, senescence, seed and trichome development and embryogenesis (Hinderhofer and 
Zentgraf, 2001; Johnson, 2002; Miao, 2004; Ulker et al., 2007; Zhou, 2011; Besseau et al., 2012; 
Ding et al., 2014a). Many Arabidopsis WRKY genes are regulated by bacterial pathogen or 
salicylic acid treatment (Dong, 2003), and genetic studies have indicated that WRKY 
transcription factors can regulate plant defense either positively or negatively (Pandey and 
Somssich, 2009). WRKY TFs also regulate abiotic stress responses including drought, salinity, 
radiation, and cold (Banerjee and Roychoudhury, 2015). However, to the best of our knowledge, 
a role of WRKYs in BR regulation of plant growth has not been previously reported.  
Here, we found that Group III WRKY transcription factors play an important role in BR-
regulated plant growth as w54t triple mutants displayed a dwarf phenotype and compromised BR 
responses. Our results suggest that WRKY46/54/70 play positive roles in plant growth mainly by 
regulating BR signaling with a smaller effect on BR biosynthesis. The role of WRKY46/54/70 in 
BR signaling is supported by its reduced response in hypocotyl elongation (Figure 1) and 
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significant overlaps between genes differentially expressed in w54t mutant and in bes1-D (Figure 
2). Moreover, WRKY54 affects BR-regulated genes by interacting and cooperating with BES1 
(Figure 3). Our results therefore establish that WRKY46/54/70 promote BR signaling and are 
required for optimal plant growth. 
The regulation of WRKY54 by BIN2 kinase, a negative regulator in the BR pathway, 
provides further support for its involvement in BR signaling. BIN2, a GSK3-like kinase, plays 
diverse roles in cellular processes including BR signaling by phosphorylating an array of 
substrates, leading to functional consequences such as altered protein stability (Youn and Kim, 
2015). Here, we identified WRKY54 as a substrate of BIN2 kinase and BIN2 phosphorylation 
led to destabilization of the WRKY54 protein (Figure 6). It is possible that BIN2 
phosphorylation of WRKY54 functions to release the inhibitory effect of WRKY54 on the 
transcription of drought-responsive genes during drought stress (Zhang, 2009). 
Our global gene expression studies revealed the molecular basis for the function of 
WRKY46/54/70 in drought responses. WRKY54 and WRKY70 were reported to act as negative 
regulators in osmotic stress tolerance in Arabidopsis (Li et al., 2013). WRKY46 is induced by 
drought stress and was found to regulate osmotic stress responses (Ding et al., 2014b). 
Consistent with these reports, we found that wrky46 wrky54 wrky70 triple mutants were more 
tolerant to drought stress, suggesting that they negatively regulate the drought response (Figure 
4). Consistent with the mutant phenotype, we found that about 53% dehydration-induced genes 
are up-regulated and 64% of dehydration–repressed genes are down-regulated in w54t mutants 
(Figure 4).  Our results therefore establish WRKY46/54/70 as important negative regulators for 
drought tolerance that at least partially mediate BR-repression of drought responses. 
Interestingly, WRKY54 cooperates with BES1 in the regulation of both BR- and 
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dehydration regulated genes (Figure 3; Figure 5). Previous studies revealed that WRKY responds 
to various environmental signals or plant developmental processes through physical interaction 
with a wide range of proteins related to signaling, transcription and chromatin remodeling (Chi et 
al., 2013). Likewise, BES1/BZR1 interact with multiple cofactors to control BR-regulated plant 
growth and development (Guo et al., 2013). This study established that BES1-WRKY54 
interactions play important roles in BR-regulated plant growth and drought responses (Figure 7).   
In summary, we demonstrated that WRKY46, WRKY54 and WRKY70 are involved in 
BR-regulated plant growth by regulating BR signaling. In addition, WRKY46, WRKY54 and 
WRKY70 negatively regulate drought tolerance by inhibiting dehydration-inducible gene 
expression. Future identification of WRKY54 interacting partners and target genes can further 
our understanding of the mechanisms by which WRKY regulates BR-regulated growth and 
drought responses.  
3.5. Methods 
Plant Materials, Growth Conditions and Hormone Responses 
Arabidopsis thaliana ecotype Columbia (Col-0) was used as the wild type. T-DNA 
insertion lines, wrky46 (SALK_134310), wrky54 (CS873142) and wrky70 (SALK_025198), 
were obtained from Arabidopsis Biological Resource Center (ABRC). Seeds were sterilized by 
70% (v/v) ethanol and 0.1% (v/v) Triton X-100. All of the plants were grown on ½ MS plates 
with 1% sucrose under long day condition (16h light/8h dark) at 22°C. BL (10nM, 100nM) were 
added to the ½ MS agar plates. The average hypocotyl lengths were measured using 15 samples 
and repeated 3 times. 14-day-old seedlings were transferred to soil and grown under the same 
condition in growth chambers.  
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Drought Stress Treatment 
For drought treatment, soil was weighed in each pot before transferring the seedlings to 
make sure each pot has the same amount of the soil and same volume of water in the flat. 
Seedlings was grown on ½ MS medium for two weeks and then transferred into the weighted 
soil. Plants were watered once 1 week after transferring into soil and then water was withheld for 
2 weeks. The survival rates are scored based upon plants that were surviving 2 days after re-
watering from three biological replicates. Each biological repeat has four or five pots for each 
genotype. All of the pots were randomly distributed in the flat and were rotated frequently during 
drought stress to minimize the effect from growth environment (Shi et al., 2015). Similar results 
were obtained for at least three repeats at different times. Three biological replicates were 
performed each time with three technical replicates (one pot/technical replicate). 
Plasmid Construction and Protein-Protein Interaction Assays 
The DNA primer sequences used for this study are listed in Table S4. For the yeast two-
hybrid assays, WRKY54 was cloned into both GAL4 bait and prey vectors. BES1 and BIN2 were 
cloned into GAL4 bait and prey vectors, respectively (Clontech). The constructs were 
transformed into yeast strain Y187 and the lacZ reporter assay was measured using X-gal 
according to the manufacturer’s protocol (Clontech). For GST pull-down assay, WRKY54 fused 
to GST tag was cloned into both pET42a and purified with glutathione agarose beads (Sigma). 
BIN2 and BES1 were fused with MBP and purified with amylose resin (NEB). GST pull-down 
assays were performed as described (Yin et al., 2002). For Biomolecular fluorescence 
complementation (BiFC) assay, the N-terminus (amino acids 1-174) or C-terminus (amino acids 
175-239) of YFP vectors were described in (Yu et al., 2008). The full-length coding region of 
WRKY54 and BES1 were cloned into YFPC and YFPN and then transformed into 
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Agrobacterium tumefaciens strains GV3101. BiFC assay were performed as described (Wang et 
al., 2014).   
In vitro Kinase Assay 
 For the in vitro kinase assay, MBP and MBP-WRKY54 were incubated with GST-BIN2 
kinase in 20ul of kinase buffer (20 mM Tris [pH 7.5], 100 mM NaCl, and 12 mM MgCl2 and 10 
µCi 32P-γATP (Yin et al., 2002). After incubation at 37°C for 1 hour, 20 µl 2XSDS buffer were 
added to stop the reaction and then the samples were boiled for 5 minutes. Proteins were 
resolved by SDS-PAGE gel and phosphorylation signal was detected by Typhoon/Image Quant 
TL.  
Gene Expression Analysis and Luciferase (LUC) Assay 
For the gene expression analysis, 1000nM BL was sprayed on four-week-old bes1-D, 
wrky46 wrky54 wrky70 and WT. DMSO was used as control. Plant tissues were collected after 
2.5 hours’ treatment and total RNA was extracted using TRIzol Reagent (Thermo Fisher) and 
RNeasy Mini Kt (Qiagen). SYBR Green PCR Master Mix (Applied Biosystems) was used in 
qPCR analysis and qPCR samples were run on Mx4000 multiplex quantitative PCR (qPCR) 
system (Stratagene) with three technical replicates. UBQ5 was used as the internal control. 
Similar result was obtained from three biological replicates.  
For the transient expression of BR-regulated genes, At2g45210 and At1g43910 promoter 
were fused with luciferase (LUC) reporter gene. WRKY54 and BES1 coding regions were cloned 
into pZP211 vector and transformed into Agrobacterium. Equal amount of Agrobacterium cells 
transformed with BES1 or WRKY54 or BES1 and WRKY54 was injected into tobacco leaves. 
The luciferase activities were measured with the luciferase assay system from Promega and 
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Berthold Centro LB960 luminometer. The luciferase data were normalized by the total protein 
content. 
For the transient expression of dehydration-inducible genes, GLYI7 promoter driven 
firefly LUC and CaMV35S driven REN was constructed in the same plasmid and transformed 
into Arabidopsis protoplast with WRKY54 or BES1 alone or together. Protoplasts were prepared 
based on the protocol from Yoo et al. (Yoo et al., 2007). After 16h incubation, protoplasts were 
collected and the dual-luciferase assay system from Promega was used to measure the activity of 
firefly luciferase (LUC) and renilla luciferase (REN) sequentially using a Berthold Centro 
LB960 luminometer. The ratio of LUC/REN was calculated and relative ratio was used as the 
final measurement.  
Determination of Endogenous BRs Levels 
The quantification of endogenous BRs levels was performed based on the method 
reported previously with some simplifications in sample pretreatment (Xin et al., 2013). The 
harvested plant materials were first ground to a fine powder with a MM-400 mixer milling 
(Retsch). One hundred milligrams of the powder was extracted with 1 mL of 90% aqueous 
methanol (MeOH) in ultrasonic bath for 1 hour. Simultaneously D3-BL, D3-CS and D3-6-
deoxo-CS were added to the extract as internal standards for BRs content measurement. After the 
MCX cartridge (3 mL, 60 mg, Waters) was activated and equilibrated with 2 mL of MeOH, 
water and 40% MeOH in sequence, the crude extracts reconstructed in 40% MeOH were loaded 
onto the cartridge. Then the MCX cartridge was washed with 2 mL of 10% MeOH, 40% MeOH 
in sequence. At last BRs were eluted with MeOH. After dried with N2 stream, the eluent was 
redissolved with ACN to be derivatized with DMAPBA prior to UPLC-MS/MS analysis. BRs 
analysis was performed on a quadrupole linear ion trap hybrid MS (QTRAP 5500, AB SCIEX) 
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equipped with an electrospray ionization source coupled with a UPLC (Waters). The UPLC inlet 
method, ESI source parameters, MRM transitions and the related compound-dependent 
parameters were set as described in the previous report (Xin et al., 2013). As for 6-deoxo-CS or 
D3-6-deoxo-CS, the MRM transition 580.4>176.1 or 583.4>176.1 was used for quantification 
and 580.4>190.1 or 583.4>190.1 for qualification. The collision energies were set as 60 V and 
50 V for the transitions respectively. 
Phylogenetic Analysis 
The Phylogenetic Tree of six WRKY genes was generated using Clustal Omega (Sievers 
et al., 2011). 
Quantitative PCR (qPCR) Measurement 
PCR was performed in a 20ul reaction containing SYBR Green PCR Master Mix 
(Applied Biosystems), cDNA and primers (listed in S4 Table) and measured with Stratagene 
Mx4000 qPCR machine. 
WRKY54 Antibody Generation and Purification  
Serum was generated from rabbit after multiple injection of MBP-WRKY54 (full-length) 
protein as the antigen. WRKY54 antibody was then purified from the serum with CNBr-
activated sepharose. The beads were incubated with 2mg MBP-WRKY54 protein in 5ml 
coupling buffer (0.125M phosphate, pH8.3) overnight at 4oC. Then beads were transferred to a 
2.5cm column and equilibrate with 10ml PBS. Rabbit serum (10 ml) is diluted 3 volumes PBS 
and applied to the column. The beads in the column were washed with 30 ml PBS buffer. The 
bound antibody was eluted with 225ul glycine•Cl (pH2.0) directly into the tube with 25ul 
neutralizing buffer (1M Tris 8.0).  
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Dehydration RNAseq and Data Analysis 
Three biological replicates of 4-week-old wrky46 wrky54 wrky70 and WT plants were 
grown in soil under long day conditions (16 hours’ light, 8 hours’ dark). The whole rosette leaves 
were cut and placed in empty petri dish (150X15mm) as dehydration treatment or in petri dish 
with moistened kimwipes as mock control. Each petri dish consisted 3 or 4 plants and was 
considered as one biological replicate. The petri dish was sealed with parafilm and left for 4 
hours. Tissue was then collected and processed for RNA extraction using Trizol and RNeasy 
Mini Kit (Qiagen) with on-column DNase digestion and cleaned up with column, following the 
manufacturer’s instructions.  
Library preparation and RNA sequencing were performed by BGI Americas using an 
Illumina HiSeq 2000 with 50bp single-end reads and ~30 million reads per sample. Raw RNA-
Seq reads were subjected to quality checking and trimming. The trimmed reads of each sample 
were aligned to the public available reference genome of Arabidopsis (TAIR10) using GSNAP. 
The alignment coordinates of uniquely aligned reads to the reference genome were used for 
lookup and read count tallies were computed for each annotated gene. Finally, RNA-Seq reads 
were used to identify differentially expressed genes (DEGs) with R package DESeq2 for 
comparison between wrky46 wrky54 wrky70 and WT that were subjected for control or 
dehydration treatment. Normalization was conducted by DESeq2 automatically that corrects for 
biases introduced by differences in the total numbers of uniquely mapped reads in each sample. 
Normalized read counts were used to calculate fold-changes (FC) and statistical significance 
(Data2Bio LLC). Clustering was performed using the ‘aheatmap’ function of the NMF package 
in R and log2 reads per million (RPM) mapped reads values were used for clustering analysis. 
Gene Ontology (GO) analysis was performed using BiNGO software.  
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3.8. Figures 
Figure 1. WRKY46, WRKY54 and WRKY70 function redundantly and play positive roles in the 
BR pathway. (A) WRKY46, WRKY54 and WRKY70 mRNA levels were determined in WT and 
bes1-D treated with 1µm BL or mock control for 2.5h. The averages and SD were derived from 
three biological replicates. (B) Top: The growth phenotype of three-week-old WT, wrky46, 
wrky54, wrky70 and wrky46 wrky54 wrky70 triple mutant (abbreviated as w54t in all Figures). 
Bottom: BES1 protein levels were determined by immunoblot and a loading control was shown 
at the bottom. (C) The measurement of blade lengths, blade widths and petiole lengths of the 
sixth leaves. Error bars indicate SD, n = 13 (* P < 0.05, ** P < 0.01; Student’s t test). (D) 
Transgenic complementation of w54t mutant with PWRKY54:WRKY54-FLAG fusion gene and 
empty vector as the control. Top: Four-week-old WT, transgenic plants with vector (w54t) or 
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WRKY54 (w54t) are shown. Bottom: WRKY54 protein accumulation was detected in the 
transgenic plants by immunoblot with anti-FLAG antibody and HERK1 loading control was 
shown at the bottom. (E) BES1 protein accumulation was determined in four-week-old w54t 
leaves soaked in ½ liquid MS medium with 1µm BL or DMSO for 30 minutes. (F) Hypocotyl 
lengths of 5-day-old seedlings grown on ½ MS medium with 0, 10 and 100 nM BL. Mean was 
calculated and the SD was also presented. Error bars indicate standard deviation (* P < 0.05, ** 
P < 0.01; Student’s t test).  
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Figure 2. WRKY46, WRKY54 and WRKY70 regulate the expression of BR targets genes. (A) 
Venn diagram showing overlaps among genes up- or down-regulated in w54t with those 
differentially expressed in bes1-D. (B) Clustering analysis of genes differentially expressed in 
w54t under control conditions within WT, w54t and bes1-D. Values indicate normalized 
expression levels. (C) The expression of genes down-regulated in w54t was examined using four-
week-old plants treated with or without 1µm BL. The averages and SD are derived from three 
biological replicates. (D) The expression of genes up-regulated in w54t was examined as 
described in (C).  
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Figure 3. WRKY46, WRKY54 and WRKY70 directly interact with BES1 both in vivo and in 
vitro. (A) WRKY46/54/70 interact with BES1 by BiFC assay in vivo. Co-transformation of 
WRKY46/54/70-YFPC and BES1-YFPN led to the expression of YFP signal, whereas no signal 
was detected when BES1-YFPN and YFPC or WRKY46/54/70-YFPC and YFPN were co-
expressed (see Figure S7F). The experiments were performed twice with similar results. (B) – 
(C) Transient expression of luciferase (LUC) driven by the BR-regulated gene promoters of 
At2g45210 (B) and At1g43910 (C). The mean and SD were derived from three biological 
repeats. 
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Figure 4. WRKY46, WRKY54 and WRKY 70 play negative roles in drought response. (A) 
Phenotype of WT, wrky46, wrky54, wrky70 and w54t plants before drought (top), after drought 
(middle) and two days after rewatering (bottom). (B) The survival rate after recovery was 
determined. The mean and SD were from three biological repeats. (C) Venn diagram showing 
comparisons among genes differentially expressed in w54t and genes up- or down-regulated by 
dehydration in WT. (D) Clustering of dehydration down-regulated genes in WT and w54t 
mutants under control condition (W) or dehydration (D). (E) Clustering of dehydration up-
regulated genes in WT and w54t mutants under control condition (W) or dehydration (D). Values 
indicate normalized expression levels.  
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Figure 5. WRKY54 and BES1 cooperate to negatively regulate dehydration-induced genes. (A) 
The expression of dehydration-inducible genes, ABI5, GLYI7 and RD20 was determined in WT 
and w54t by qPCR. Error bars indicate standard deviation. (B) Schematic diagram of the 
promoter region of GLYI7. Red box indicates W-box and green box represents G-box. Yellow 
box is W-box or G-box after mutation. mWbox: the mutation of W-box; mGbox: the mutation of 
G-box; mGWbox: the mutation of both G-box and W-box. (C) Transient expression of GLYI7P-
fLUC and mutated W-box or G-box or both of GLYI7P-fLUC was determined in the presence of 
WRKY54 and/or BES1 in protoplasts. Error bars indicate standard deviation (* P < 0.05, ** P < 
0.01; Student’s t test).  
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Figure 6. BIN2 kinase phosphorylates and destabilized WRKY54 protein. (A) WRKY46/54/70 
interact with BIN2 by BiFC assay in vivo. Co-transformation of WRKY46/54/70-YFPC and 
BIN2-YFPN led to the expression of YFP signal, whereas no signal was detected when BIN2-
YFPN and YFPC or WRKY46/54/70-YFPC and YFPN were co-expressed (see Figure S7F). The 
experiments were performed twice with similar results. (B) In vitro kinase assays show BIN2 
phosphorylates WRKY54/46/70 (top). The loading controls of MBP, MBP-WRKY54/46/70 and 
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GST-BIN2 by CBB staining are shown in bottom panel. (C) The phosphorylation of WRKY54 
by BIN2 was inhibited with the increasing concentrations of bikini (top). The loading controls 
are shown in the bottom. (D) The WRKY54 protein level was detected in indicated BR mutants 
and WT with WRKY54 antibody. The w54t mutant was used as a negative control. (E) 
WRKY54 protein accumulated upon BL treatment. Two-week-old WT seedlings were treated 
with or without 1µm BL for indicated time and used to prepare protein to detect WRKY54 (top), 
BES1 (Middle), and a control protein (Bottom).  
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Figure 7. A working model of WRKY46/54/70 in plant growth and stress response. (A) 
WRKY54 and BES1 protein decreased with increasing drought treatment time. The 8d, 9d and 
10d indicate days of drought treatment or controls. (B) A working model of WRKY46/54/70 in 
BR-regulated growth and drought stress response. WRKY46/54/70 are regulated by BR 
signaling through BIN2 and BES1, and cooperate with BES1 to promote plant growth and inhibit 
drought responses. WRKY46/54/70 also slightly promote BR biosynthesis. Under normal growth 
condition (Left), WRKY46/54/70 and BES1 positively co-regulate growth-related genes and 
negatively control the expression of drought-responsive genes to promote growth. BRs regulate 
WRKY46/54/70 both transcriptionally and post-transcriptionally through BES1 and BIN2, 
respectively. Under drought stress condition (Right), WRKY46/54/70 and BES1 protein are 
destabilized, which leads to repression of growth-related genes and alleviation of 
WRKY46/54/70’s inhibitory effect on drought-related genes, leading to reduced growth and 
increased drought tolerance.   
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Supplemental Figure 1. WRKY T-DNA insertion mutants. (A) Schematic representation of T-
DNA knockout alleles of group III WRKY genes. The exons (black boxes) and introns (lines) and 
positions of T-DNA insertions are indicated with. (B) The phylogenetic tree of the WRKY 
proteins from Arabidopsis.  
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Supplemental Figure 2. The wrky mutants displayed dwarf phenotype. (A) The phenotype of 
three-week-old wrky single, double and triple (wrky46 wrky54 wrky70) mutants. (B) The 
phenotype of WT and wrky46 wrky54 wrky70 (w54t) mutant at flowering stage. (C) The 
phenotype of three lines of transgenic complementation is consistent with WRKY54 protein 
expression level and a loading control was shown at the bottom. 
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Supplemental Figure 3. Group III WRKY (WRKY30/41/46/53/54/70) function redundantly and 
play positive role in plant growth. (A) The growth phenotype of three-week-old WT, wrky46 
wrky54 wrky70 (w54t) and wrky30 wrky41 wrky46 wrky53 wrky54 wrky70 (wrkyS). (B) The 
blade lengths, blade widths and petiole lengths of the 6th leaves of WT, w54t and wrkyS were 
measured. (C) RT-PCR result indicated that the expression of six genes is knockout or reduced in 
wrkyS mutant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	 90 
Supplemental Figure 4. The wrky mutants have slightly reduced endogenous BR level.  
(A) The expression of DWF4, DET2 and CPD was determined in four-week-old w54) compared 
to WT by qPCR. Error bars indicate standard deviation. The significance of difference was 
analyzed in all studies by Student’s t test (* P < 0.05, ** P < 0.01). (B) The endogenous level of 
CS from three-week-old WT, w54t and wrkyS plants was determined. (C) The endogenous level 
of 6-deoxoCS from three-week-old WT, w54t and wrkyS was determined. (D) The amount of BR 
precursors in WT, w54t and wrkyS. 
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Supplemental Figure 5. Different hormonal response of WT, wrky46, wrky54, wrky70 and w54t. 
(A) 5-day-old Col and w54t seedlings grown under light on 1⁄2 MS medium with 0, 10nM and 
100nM BL. Scale bar, 1mm. (B) BES1 protein levels were determined by immunoblot with two-
week-old WT seedlings growing on 1⁄2 MS medium with 0, 10nm and 100nm BL. The treatment 
and growth condition is the same as in (Figure 1F). HERK1 was used as a loading control 
(bottom panels). (C) Hypocotyl length of 6-day-old seedlings grown on ½ MS medium with 
0.1µm IAA, 1µm GA and 10µm ACC. Relative mean was calculated and the SD was also 
presented. 
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Supplemental Figure 6. The clustering analysis of genes differentially expressed in wrkyS. 
(A) Clustering analysis of genes down-regulated in wrkyS in WT, bes1-D and wrkyS.  
(B) Clustering analysis of genes up-regulated in wrkyS in WT, bes1-D and wrkyS.   
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Supplemental Figure 7. WRKY46/54/70 interacts with BES1/BIN2 and are phosphorylated by 
BIN2. (A) – (B) WRKY54 interacts with BES1 by yeast two-hybrid assay (A), in vitro GST pull-
down assay (B). (C) The domain structure of WRKY54 protein. * indicates the potential BIN2 
phosphorylation sites. Totally 29 potential BIN2 phosphorylation sites are found in WRKY54 
protein. (D) – (E) WRKY54 interacts with BIN2 by yeast two-hybrid (D) and GST pull-down 
assay (E). (F) The control co-transformation of WRKY46/54/70-YFC and YFPN. (G) The 
phosphorylation of WRKY46 (Left) and WRKY70 (Right) by BIN2 was inhibited with the 
increasing concentrations of bikinin.   
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Supplemental Figure 8. The drought phenotype of WT, wrky single, double mutants and triple 
mutants. (A) The phenotype of 4-week-old WT, wrky46, wrky54, wrky70 and w54t before 
drought, after drought and two days after watering in larger set of experiments. (B) The 
phenotype of four-week-old WT, wrky46, wrky54, wrky70, wrky46 wrky54, wrky46 wrky70, 
wrky54 wrky70 and w54t before drought and two days after watering. (C) The survival rates for 
wrky mutants were determined.  The average and SD were from three biological repeats. (D) 
Venny analysis showed overlaps among genes up- or down-regulated in w54t by dehydration 
with those differentially expressed in bes1-D.  
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Supplemental Figure 9. WRKY54 antibody test in WT, wrky single, triple and sextuple mutants. 
(A) The test of WRKY54 antibody in WT, wrky54, w54t and wrkyS. The antibody recognizes a 
~70 kDa band that is reduced in wrky54 single mutant, and abolished in w54t and wrkyS mutants. 
The results suggest that the antibody recognize WRKY54 and its close homologs WRKY46 and 
WRKY70. A lower molecular weight band is a non-specific background. (B) The test of 
WRKY54 antibody in WT, wrky46, wrky54 and wrky70 single mutants. The results suggest that 
the antibody recognize WRKY70 more specifically, which could be explained that WRKY54 
and WRKY70 are homologs and have a high similarity.  
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Supplemental Figure 10. Gene Ontology (GO) Term analysis of 9130 genes differentially 
expressed in w54t mutant.   
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Table S1: Genes up- or down-regulated in bes1-D.  
Table S2: Genes up- or down-regulated in wrky46 wrky54 wrky70 triple mutant. 
Table S3: Genes up- or down-regulated by dehydration treatment in wild-type plants. 
Table S4: primers used in this study. 
Gene    Sequences 
Genotyping    
wrky46 Forward GATGATAAGCCTTGAAGATC 
 Reverse TCATGTAACTTTAGTCCTAT 
wrky54 Forward TGTCAATGCTATGGTGCAAG 
 Reverse GGTGTAAAAAGAGAAGTATA 
wrky70 Forward GTGACCATCATGATGAGATC 
 Reverse AGTACATACACTCATTAGAG 
wrky30 Forward AAAAGTCGCCGAAAAATTGAC 
 Reverse TTATTTTTGCATGGCTTCTGG 
wrky41 Forward GAAAGGTTCCAGGATCTCCAG 
 Reverse GGGGAAGCCTGTGTTAATCTC 
wrky53 Forward TCAGGCACGACTTAGAGAAGC 
 Reverse GGGAAAGTTGTGTCAATCTCG 
Complementation      
WRKY54 
(EcoRI/KpnI) Forward CGCGAATTCtctgtaatttctagagaattaataagc 
 Reverse 
CGCGGTACCTCTTGATCAGAAAAAAATCAAAGGAA
GATGC 
Yeast two hybrid     
WRKY54-pGADT7 
(BamHI/XholI) Forward CGCGGATCCATATGGATTCGAATAGTAACAACACG 
 Reverse 
GCGCTCGAGTCACATAGCACTTGTTCTTTCATAATC
AGC 
WRKY54-pGBKT7 
(BamHI/PstI) Forward CGCGGATCCatATGGATTCGAATAGTAACAACACG 
 Reverse 
GCGCTGCAGTCACATAGCACTTGTTCTTTCATAATC
AGC 
Protein expression     
WRKY46-MBP 
(KpnI/SalI) Forward CGCGGTACCATGATGATGGAAGAGAAACTTGTGA 
 Reverse CGCGTCGACCGACCACAACCAATCCTGTCCGAAA 
WRKY54-
MBP/GST 
(BamHI/XhoI) Forward CGC GGATCC ATGGATTCGAATAGTAACAACACG 
 Reverse 
GCGCTCGAGTCACATAGCACTTGTTCTTTCATAATC
AGC 
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WRKY70-MBP 
(EcoRI/BamHI) Forward CGCGAATTCATGGATACTAATAAAGCAAAAAAGC 
 Reverse CGCGGATCCAGATAGATTCGAACATGAACTGAAG 
BiFC     
WRKY46-YFPC Forward CGCGGTACCATGATGATGGAAGAGAAACTTGTGA 
 Reverse CGCGTCGACCGACCACAACCAATCCTGTCCGAAA 
WRKY54-YFPC Forward CGC GGATCC ATGGATTCGAATAGTAACAACACGA 
 Reverse CGC TCTAGA CATAGCACTTGTTCTTTCATAATCA 
WRKY70-YFPC Forward CGCGGTACCATGGATACTAATAAAGCAAAAAAGC 
 Reverse CGCGGATCCAGATAGATTCGAACATGAACTGAAG 
Luciferase assay     
At2g45210P 
(BamHI/HindIII) Forward CGCGGATCCTCATCAACGTACACAAG 
 Reverse CGCAAGCTTCTTCTTATAGCTAACTTT 
At1g43910P 
(BamHI/HindIII) Forward CGC GGATCC TCTTACTTCTTAACTCGTACATGCC 
 Reverse CGC AAGCTT TTGTGCTTAAGAGAAGAAGGAAGAT 
GLYI7P_WT 
(BamHI/HindIII) Forward GCG GGATCC AATACATTTTCCCACAAGTGAC 
 Reverse CGG AAGCTT TTTTTCTTTCTTACCCAGAGAGACG 
GLYI7P_Wbox_m
utation Forward see below 
 Reverse see below 
GLYI7P_Gbox_m
utation Forward see below 
 Reverse see below 
GLYI7P_WGbox_
mutation Forward see below 
 Reverse see below 
Gene expression      
DWF4 Forward ATGACCAACCTAATCTCTT 
 Reverse TACGAGAAACCCTAATAGGC 
DET2 Forward CTGGTTCGAGTTGGTAAGCT 
 Reverse CACATAACATATGATAAACTAG 
CPD Forward CAACCTCCACGATCATGACTC 
 Reverse CATTAGAAGGGCCTGTCGTTAC 
At5g26690 Forward GCAAACATGCAATCATGGAAG 
 Reverse TGGTCCGACGCTGATTACTAC 
At2g22122 Forward GGTGTTGACGGTGAAGA 
 Reverse CTCACACTTCATAATTCAC 
At5g18020 Forward GGATTCGATCATCCAATGGGT 
 Reverse GTCTATTTCTAACTAGG 
At2g45210 Forward GCATGCTGATGAGACCATTAG 
 Reverse GCTTCTCGAAGCAGCTCACC 
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At1g43910 Forward GAGCTGATGCTTCTCGTAGA 
 Reverse AGTACAATTGTCCATGAG 
At1g19250 Forward GCTATTGTTCCTGAACCTT 
 Reverse ACATTGAACGTAGCTCTG 
ABI5 Forward GAGTAGTGGATGGTCCAGTG 
 Reverse TCATCAATGTCCGCAATCTC 
GLYI7 Forward GGACATGGAATTGGGATTCATCTTCT 
 Reverse GGTCCACTTGGATGCCACCTTCTTCA 
RD20 Forward GCAAATACGCGCTAACGGTTAAAGAT 
 Reverse CCTCTCACAGCTTCTTTAGATAGGAA 
WRKY30 Forward GAGCTGGTGTTGATAGAACG 
 Reverse ctcggatatttgaatagga 
WRKY41 Forward ACCTCATGACGATATCTT 
 Reverse AGTGTGTGTTCCTCTGTA 
WRKY46 Forward AGCGAAGCCTTGAGATCGAT 
 Reverse actgccattaagagagagac 
WRKY53 Forward CACACACTTGTTCGCAGG 
 Reverse TCTTTACCATCATCAAGC 
WRKY54 Forward GATCACATACAAGGATCGTG 
 Reverse agacctagtgctgattcatc 
WRKY70 Forward GATTGGGACCCGTTAAGGGT 
  Reverse ccactctacatggcctaat 
 
Promoter sequences used in dual luciferase assay 
 
Yellow highlight indicates W-box or its mutant form. Blue highlight indicates G-box or its 
mutant form.   
 
GLYI7_mWbox (gBlock Gene Fragments, HindIII/BamHI)  
CGCAAGCTTaatacattttcccacaagtgacagagcaaacaaaattcacatatttttgtctattacactttggtgtcagacaaaaatgtta
cgtagatttatggcggtggattataacattgtaactttaaatatcttttaacgtaagaaacaaaactccaaaattggtgtttatttttaaaaataaaaa
tttgagggggcatgtatgtttgtttagttgattcacgtgttctttgtgtctgaaaattctgaatttgatgattttgaaaaaggaaaaaaagatacgag
gtatcctcaattccaaaaggatgaatgatacaactcatatatacaagattatagtaaaaagaagggatgcatataaagaaacatagacatcatc
gccatccatcctcagatcagttccgtagtttactggatcacgacacacacacatatacacgtgtacatataagccattcttatcaaaaaaaaaac
cttcctcctgaattctcattcattatataggcgtatatttcggaattctaagttttgttgctacgatcgagccagcgttctgtttctgtacgtctctctg
ggtaagaaagaaaaaGGATCCCGC 
 
GLYI7_mGbox (gBlock Gene Fragments, HindIII/BamHI) 
CGCAAGCTTaatacattttcccacaagtgacagagcaaacaaaattcacatatttttgtctattacactttggtgtcagactgacttgttac
gtagatttatggcggtggattataacattgtaactttaaatatcttttaacgtaagaaacaaaactccaaaattggtgtttatttttaaaaataaaaat
ttgagggggcatgtatgtttgtttagttgattaaaaaattctttgtgtctgaaaattctgaatttgatgattttgaaaaaggaaaaaaagatacgag
gtatcctcaattccaaaaggatgaatgatacaactcatatatacaagattatagtaaaaagaagggatgcatataaagaaacatagacatcatc
gccatccatcctcagatcagttccgtagtttactggatcacgacacacacacatataaaaaaatacatataagccattcttatcaaaatgaccac
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cttcctcctgaattctcattcattatataggcgtatatttcggaattctaagttttgttgctacgatcgagccagcgttctgtttctgtacgtctctctg
ggtaagaaagaaaaaGGATCCCGC 
 
GLYI7_mWGbox (gBlock Gene Fragments, HindIII/BamHI) 
CGCAAGCTTaatacattttcccacaagtgacagagcaaacaaaattcacatatttttgtctattacactttggtgtcagacaaaaatgtta
cgtagatttatggcggtggattataacattgtaactttaaatatcttttaacgtaagaaacaaaactccaaaattggtgtttatttttaaaaataaaaa
tttgagggggcatgtatgtttgtttagttgattaaaaaattctttgtgtctgaaaattctgaatttgatgattttgaaaaaggaaaaaaagatacgag
gtatcctcaattccaaaaggatgaatgatacaactcatatatacaagattatagtaaaaagaagggatgcatataaagaaacatagacatcatc
gccatccatcctcagatcagttccgtagtttactggatcacgacacacacacatataaaaaaatacatataagccattcttatcaaaaaaaaaa
ccttcctcctgaattctcattcattatataggcgtatatttcggaattctaagttttgttgctacgatcgagccagcgttctgtttctgtacgtctctct
gggtaagaaagaaaaaGGATCCCGC 
 
Table S5: Annotation of the genes used in Fig 2C and 2D. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
GeneID Col bes1-D sig Annotation 
AT5G26690 182.1 719.8 yes Heavy metal transport/detoxification superfamily protein  
AT2G22122 195.7 854.3 yes Unknown protein 
AT5G18020 559.6 1963.5 yes SAUR-like auxin-responsive protein family  
AT2G45210 334.2 211.8 no Senescence-associated gene 201 (SAG201) 
AT1G43910 144.6 29.2 yes P-loop containing nucleoside triphosphate hydrolases superfamily protein 
AT1G19250 39.4 5.2 yes flavin-dependent monooxygenase 1 
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CHAPTER 4. ARABIDOPSIS WRKY30, WRKY41 AND WRKY53 POSITIVELY 
CONTROLS BRASSINOSTEROID-REGULATED PLANT GROWTH AND BACTERIAL 
DEFENSE 
4.1. Abstract 
Brassinosteroids (BRs) play an important role in plant growth and development, as well 
as abiotic and biotic stress responses. However, the function and mechanisms by which BR 
regulate biotic stress response is still somewhat controversial. Here, we found that group III 
WRKY transcription factors, WRKY30/41/53, are involved in BR-regulated growth and are 
phosphorylated by BIN2 kinase. Moreover, WRKY53 cooperates with BES1 to inhibit the 
transcription of BR-repressed genes. On the other hand, WRKY30/41/53 positively mediated 
bacterial defense response and was phosphorylated by MPK6 kinase. BES1 was previously 
reported to be a substrate of MPK6 as well and played a positive role in plant defense against 
bacterial pathogen. It is possible that BES1 and WRKY53 coordinate with each other and 
transduce the signal from MAPK cascade to regulate the transcription of downstream defense-
responsive genes. Therefore, our results suggest a possibility that BR regulated plant defense 
response through WRKY53 and BES1. 
4.2. Introduction 
Plant hormones, known as phytohormones, are signal molecules produced within plants 
that regulate plant physiological processes. Brassinosteroid (BR), a plant steroid hormone, 
modulates cell elongation and division, vascular differentiation, senescence, stress response and 
photomorphogenesis (Clouse et al., 1996; Li et al., 1996; Szekeres et al., 1996). Genetic and 
molecular characterizations of BR biosynthetic and signaling mutants have identified major 
components involved in BR signal transduction pathway (Ye et al., 2011).  
	 102 
In BR signaling pathway, the membrane-localized receptor protein BRI1 perceives the 
signal from BR via the extracellular domain and transduces it to the downstream pathway (He et 
al., 2000). In the absence of BRs, a BRI1-interacting protein, BKI1, binds to BRI1 and prevents 
the activity of BRI1. BIK1, a negative regulator in BR signaling, also binds to BRI1 to inhibit its 
activity. BIN2 phosphorylates and inhibits the functions of BES1 and BZR1 by several 
mechanisms, including protein degradation, cytoplasmic retention by 14-3-3 proteins and 
reduced DNA binding (Li, 2010).  
When BR is present, it causes the dissociation of BKI1 from the plasma membrane and 
its degradation by 14-3-3 protein, thus activating BRI1 to associate with its co-receptor, BAK1 
(Wang and Chory, 2006). The interaction between BRI1 and BAK1 seems to require TWD1, 
which interacts with the kinase domain of BRI1 and BAK1 (Chaiwanon et al., 2016; Zhao et al., 
2016). The activated BRI1 then phosphorylates BSK1 and CDG1, which activates BSU1, a 
phosphatase inactivating BIN2 by dephosphorylating a conserved phosphor-tyrosine residue 
(pTyr200) (Tang et al., 2008; Kim et al., 2011; Sreeramulu et al., 2013). PP2A dephosphorylates 
BES1/BZR1 transcription factors, which translocate to the nucleus to control the expression of 
thousands of genes with other co-factors (Yin et al., 2002; Yin et al., 2005; Yu et al., 2008).  
BES1/BZR1 interact with many other proteins to regulate gene expressions. Several BES1/BZR2 
interactors were identified in the past few years, including MYB30, SDG8, MYBL2, HAT1, 
PIFs, and DELLA (Li et al., 2009; Li et al., 2012; Oh et al., 2012; Ye et al., 2012; Guo et al., 
2013; Wang et al., 2014; Zhang et al., 2014).  
Recently several research groups reported the function of BR in the defense response, 
particularly in PTI (Pathogen-Associated Molecular Pattern-Triggered Immunity) pathway. 
PRRs (Pattern-Recognition Receptors) perceive the signal from PAMPs and transduce the signal 
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to activate PTI response (Lozano-Duran and Zipfel, 2015). However, how BR regulates PTI 
response is still not well understood. Belkhadir et al. found that BAK1 was required for the 
antagonistic effect of BRs on PAMP-triggered immunity (PTI), since BAK1 was shared by both 
BR and PTI signaling (Belkhadir et al., 2012). Whereas Albrecht et al. reported that BAK1 was 
not a rate-limiting factor (Albrecht et al., 2012). On the other hand, it was found that the 
crosstalk between BR and PTI occurs downstream of BIN2, making BES1/BZR1 potential 
candidates involved in the crosstalk (Lozano-Duran et al., 2013b). The bes1 knockout mutant 
was more susceptible to P. syringae (Kang et al., 2015). BES1 was a direct substrate of MPK6 
and the mutation of phosphorylation sites on BES1 could not restore the susceptible phenotype 
of bes1 mutants. However, whether BES1 mediates the crosstalk between BR signaling and PTI 
by itself alone or recruiting co-factors is unknown.  
Here, we found a group of defense-related transcription factors, WRKYs, are involved in 
BR-regulated growth and appeared to control BR-regulated defense. WRKY transcription factor 
is among the ten largest families of transcription factors with over 70 members in higher plants 
(Ulker and Somssich, 2004). WRKYs integrate various signaling pathways to modulate plant 
physiological process such as abiotic stress responses, defense and senescence (Eulgem and 
Somssich, 2007; Rushton et al., 2010). Early studies revealed the role of WRKY transcription 
factors acted in biotic stress response. Eight WRKY genes (AtWRKY18, -38, -53, -54, -58, -59, -
66 and -70) were identified as direct targets of NPR1, which is a central regulator in the SA 
pathway to activate the SA- dependent defense genes (Wang et al., 2006). WRKY53 was 
reported to be involved in the basal resistance to P. syringae in Arabidopsis, which appeared to 
function downstream of SA, whereas it was negatively regulated by JA and ethylene (Murray, 
2007). Another study confirmed the positive role of WRKY53 in resistance to P. syringae and 
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WRKY53 is partially involved in SA signaling (Hu et al., 2012). WRKY41 was also identified as 
a key regulator in the crosstalk of SA and JA pathways (Higashi et al., 2008). Overexpression of 
WRKY41 led to constitutive expression of a SA-inducible gene, PR5, but suppresses a JA- 
inducible gene, PDF1.2 (Higashi et al., 2008). Another transcription factor WRKY30, whose 
expression was induced by SA and JA treatment, regulated the resistance to fungal pathogens in 
rice (Peng, 2012). Meanwhile, WRKY30 activated the expression of JA synthesis-related genes 
and PR genes with accumulated endogenous JA level upon fungi inoculation (Peng, 2012).  
In this study, we found that WRKY53 coordinates with BES1 to regulate the transcription 
of BR-regulated genes, and is phosphorylated by both BIN2 kinase in BR signaling and MPK6 
kinase in PTI. Thus, our study provided another mechanism by which BR regulates defense 
response through BES1 and WRKY transcription factors.  
4.3. Results 
4.3.1 WRKY30, WRKY41 and WRKY53 are positively involved in BR-regulated plant growth 
Our previously published RNAseq data indicated that WRKY30, WRKY41 and WRKY53 
were induced in bes1-D, a BR gain-of-function mutant (Figure 1A). The expression level of 
WRKY41 and WRKY53 was significantly elevated in bes1-D mutant, which was confirmed by 
qPCR. WRKY41 and WRKY53 expression was induced by about 1.5 folds in WT by brassinolide 
(BL), an active form of BR, and was further increased by 3 to 5 folds in bes1-D mutant with BL 
(Figure 1B). The results suggest that BR promotes the expression of WRKY30, WRKY41 and 
WRKY53.  
To confirm the biological role of WRKY30, WRKY41 and WRKY53 in the BR pathway, 
we obtained T-DNA insertion mutants for these three genes. Single knockout mutant did not 
show any growth phenotype compared to WT, whereas wrky30 wrky41 wrky53 triple mutants 
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(w53t) displayed slightly smaller phenotype than WT with a shorter petiole length (Figure 2A 
and 2B). In addition, w53t enhanced wrky46 wrky54 wrky70 (w54t) dwarf phenotype as wrky30 
wrky41 wrky53 wrky46 wrky54 wrky70 (wrkyS) showed stronger stunted growth phenotype than 
w54t (Figure 2C).  We also examined the sensitivity of WT and w53t in response to BL. The 
w53t mutant was slightly less-sensitive in response to BL with shorter hypocotyl length than WT 
(Figure 2D). Taken together, the above results indicated that WRKY30, WRKY41 and 
WRKY53 play a small but positive role in BR-regulated plant growth.  
4.3.2. WRKY53 interacts with BIN2 and is phosphorylated by BIN2  
BIN2 is a central kinase in BR pathway with diverse roles in plant growth and 
development (Youn and Kim, 2015). We previously found that WRKY46/54/70 were substrates 
of BIN2 (Chen et al., submitted). Since WRKY53 shared a high similarity with WRKY46/54/70, 
we tested if WRKY53 was also a substrate for BIN2. WRKY53 has 20 putative BIN2 
phosphorylation sites (S/TXXXS/T)., making it a potential substrate for BIN2 (Figure 3A). First, 
we tested if WRKY53 has direction interaction with BIN2. Yeast two-hybrid assay and GST 
pull-down assay indicated that WRKY53 and BIN2 interacted with each other in vitro (Figure 
3B and 3C). Then we carried in vitro kinase assay with 32P labeled ATP. MBP-fused WRKY53 
and GST-fused BIN2 protein were expressed and purified from Escherichia coli (E.coli). MBP-
WRKY53 can be phosphorylated by GST-BIN2 kinase and the phosphorylation activity of MBP-
WRKY53 was decreased with the increasing concentration of bikinin, an inhibitor of BIN2 
kinase (Figure 3D and 3E). These results suggested that BIN2 phosphorylated WRKY53 likely 
through direct interaction.  
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4.3.3. WRKY53 interacts with BES1 and controls the expression of BR-regulated genes 
BES1, a central transcription factor in BR signaling pathway, control thousands of BR-
regulated genes (Ye et al., 2017). There are several co-factors identified to interact and cooperate 
with BES1 to regulate the expression of BR-target genes, including MYB30, MYBL2, PIF4, 
DELLAs, REF6/ELF6, IWS1 and SDG8 (Yu et al., 2008; Li et al., 2009; Li et al., 2010; Li et al., 
2012; Oh et al., 2012; Ye et al., 2012; Wang et al., 2014). We previously showed that BES1 
coordinated with WRKY46/54/70 to regulate the transcription of BR targets (Chen et al., 
submitted). Here, we tested if WRKY53 was another cofactor that could be recruited by BES1 to 
regulate the expression of BR-regulated genes. Yeast two-hybrid and GST pull-down assays 
indicated that there was an interaction between WRKY53 and BES1 (Figure 4A and 4B). 
Furthermore, bimolecular fluorescence (BiFC) was conducted to confirm their interaction. When 
co-transformed WRKY53-YFPC (C-terminal of YFP) and BES1-YFPN (N-terminal of YFP) in 
N. benthamiana, yellow fluorescence signal was observed under the confocal microscope, 
whereas no signal was observed when WRKY53-YFPC and YFPN were co-expressed (Figure 
4C). Thus, WRKY53 interacts with BES1 both in vitro and in vivo. Based on the above results, 
we conclude that WRKY53 plays a role in BR-regulated plant growth likely through BIN2 and 
in cooperation with BES1. 
Since BRs regulate thousands of genes, we then checked if those genes were also 
differentially expressed in w53t mutant. Three BR-induced genes, which were reported by Li et 
al., were chosen and the result from large-scale RNAseq analysis was shown in Figure 5A (Li et 
al., 2009). The expression of At5g18020, At5g57560 and At2g21140 was reduced about 25% to 
50% (Figure 5A). Another three BR-repressed genes, At2g45210, At1g43910 and At1g19250, 
were increased about 25% to 75% in w53t mutant (Figure 5B). Thus, that BR-induced genes 
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were down-regulated in w53t mutant, whereas BR-repressed genes were up-regulated in the 
mutants, further confirming the positive role of WRKY53/41/30 in BR-regulated plant growth.  
Next, to test our hypothesis that BES1 recruited WRKY53 to regulate the transcription of 
BR-regulated genes, a previously studied BR-repressed gene, At2g45210P-LUC was chosen for 
transient expression assay. WRKY53 and BES1 alone inhibited the expression of At2g45210P-
LUC about 2 folds compared to vector control, whereas co-expression of WRKY53 and BES1 
repressed the expression to nearly 5 folds (Figure 5C). Taken together, the above results 
confirmed that WRKY53 indeed was involved in BR-regulated plant growth by coordinating 
with BES1 to control the expression of BR-regulated genes.  
4.3.4. WRKY30, WRKY41 and WRKY53 positively regulate bacterial defense response 
Early studied reported that WRKY family played an important role in plant defense 
response to pathogen (Dong, 2003). Hu et al. found that WRKY53 positively regulate basal 
resistance to Pseudomonas syringae, as wrky46wrky70, wrky46wrky53 and 
wrky46wrky70wrky53 mutants were more susceptible in response to this pathogen with increased 
PR1 gene expression, a defense marker gene (Hu et al., 2012). Here, to study the function of 
WRKY30/41/53 in defense response, P. syringae was injected into 4-week-old adult WT and 
w53t leaves. The w53t mutant displayed increased susceptibility to P. syringae than WT at 2dai 
(Figure 6A and 6B).  
4.3.5. WRKY53 is a substrate of MPK6 in Arabidopsis  
Mitogen-activated protein kinases (MAPK) cascade played vital roles in transducing the 
signaling from pathogen attach into intracellular responses in plants (Meng and Zhang, 2013). 
MAPK cascades consists 3 groups of kinases: MAPKKK, MAPKK, and MAPK. There are 20 
MAPKs, 10 MAPKKs and nearly 60 MAPKKKs in Arabidopsis (Meng and Zhang, 2013). 
	 108 
MPK6, one of MAPKs, was found in flg22-induced MEKK1-MKK4/5-MPK3/6 signaling 
pathway (Tsuneaki, 2002). Chujo et al. identified that OsMPK6 phosphorylated OsWRKY53, 
resulting in enhanced blast resistance in rice (Chujo et al., 2014). To determine if WRKY53 can 
also be phosphorylated by MPK6 in Arabidopsis, in vitro kinase assay was performed to test this 
hypothesis. First, the interaction assay was conducted to test if there is a direct interaction 
between WRKY53 and MPK6. GST-fused WRKY53 and MBP-fused MPK6 recombinant 
proteins were expressed and purified in E.coli. GST-WRKY53, instead of GST alone, pulled 
down a significant amount of MBP-MPK6, which indicated that WRKY53 and MPK6 interact 
with each other in vitro (Figure 7A).  
S/TP cluster (serine or threonine followed by proline), is a consensus motif of MAPK 
phosphorylation (Chujo et al., 2014). 11 putative phosphorylation sites were identified in 
WRK53 protein, suggesting that WKRY53 is a potential substrate for MPK6 (Figure 7B). In 
vitro kinase assay with 32P-labelled ATP was carried out to test their phosphorylation. As shown 
in Figure 7C, HIS-MPK6 phosphorylated MBP-WRKY53 instead of MBP protein alone (Figure 
7C). Auto-phosphorylation of MPK6 was also observed. Consistent with the result found in rice, 
WRKY53 can also be phosphorylated by MPK6 in Arabidopsis.  
4.4. Discussion 
In this study, we identified a group III of defense-related transcription factors, 
WRKY53/41/30, are involved in BR-regulated growth. WRKY transcription factor is among the 
ten largest families of transcription factors with over 70 members in higher plants (Ulker and 
Somssich, 2004). Here, we found that group III WRKY transcription factors, WRKY30/41/53, 
play a positive role in BR-regulated plant growth. First, the w53t mutants displayed slightly 
smaller growth phenotype with shorter petiole length in vegetative stage, and enhanced w54t 
	 109 
mutant phenotype as wrkyS (cross w54t with w53t) had stronger dwarf phenotype than w54t, 
suggesting WRKY30/41/53 function redundantly and positively regulate the plant growth 
(Figure 2A to 2C). Secondly, WRKY30, WRKY41 and WRKY53 transcripts were increased in 
bes1-D mutants by previous RNAseq analysis (Nolan et al., 2017) (Figure 1) and the w53t 
mutants showed less sensitivity to BL response with shorter hypocotyl length (Figure 2D). Third, 
WRKY53 was found to interact with two BR major components, BIN2 and BES1. WRKY53 is 
phosphorylated by BIN2 via direct interaction and cooperates with BES1 to suppress the 
transcription of BR-repressed gene. Therefore, our results established a role of WRKY53/41/30 
in BR-regulated plant growth.  
Several groups have recently reported the function of BR in the defense response. 
However, how BRs regulate defense response is still not completely understood. Belkhadir et al. 
reported that BAK1 was required for the antagonistic effect of BR on PAMP-triggered immunity 
(PTI) since BAK1 was shared by both BR and PTI signaling (Belkhadir et al., 2012). In contrast, 
Albrecht et al. reported that BAK1 was not a rate-limiting factor (Albrecht et al., 2012). Others 
found that the crosstalk between BR and PTI occurs downstream of BIN2 (Lozano-Duran et al., 
2013a). The bes1 knockout mutants were more susceptible to P. syringae, which was regulated 
by MAPK cascade, an earliest output of immunity response in plants after perceiving the signal 
from PAMPs/MAMPs/effectors (Kang et al., 2015). BES1 was a direct substrate of MPK6 and 
the mutation of phosphorylation sites on BES1 could not restore the susceptible phenotype of 
bes1 mutants (Kang et al., 2015). However, whether BES1 mediates the crosstalk between BR 
signaling and PTI by itself alone or recruiting co-factors is unknown. In this study, we found that 
WRKY53 is another substrate for MPK6 as WRKY53 interacts with and is phosphorylated by 
MPK6 kinase (Figure 7). Similar to loss-of-function bes1 mutant, the w53t mutants were less 
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resistant to P. syringae inoculation than WT (Figure 6A and 6B). Interestingly, WRKY53 
interacts with BES1 both in vivo and in vitro. These results thus suggest a model that BES1 and 
WRKY53 might cooperate in MAPK-mediated bacterial defense (Figure 8).  
In summary, group III WRKY30/41/54 were identified to positively involved in BR-
regulated plant growth through BIN2 and BES1. They also played positive roles in the defense 
response through pathogen-induced MAPK cascade. Future study on the function of MPK6 
phosphorylation on WRKY53 and generating quadruple mutant bes1 w53t would help to 
elucidate the mechanism by which BES1-WRKY53 regulate the plant immunity. 
4.5. Methods 
Plant Materials, Growth Conditions and Hormone Responses 
Arabidopsis thaliana ecotype Columbia (Col-0) was used as the wild type. T-DNA 
insertion lines, wrky30 (SALK_090390), wrky41 (SALK_068648) and wrky53 (SALK_034157), 
were obtained from Arabidopsis Biological Resource Center (ABRC). Seeds were sterilized by 
70% (v/v) ethanol and 0.1% (v/v) Triton X-100. All the plants were grown on ½ MS plates with 
1% sucrose under long day condition (16h light/8h dark) at 22°C. BL (10nM, 100nM) were 
added to the ½ MS agar plates. The average hypocotyl lengths were measured using 13 samples 
and repeated 3 times. 14-day-old seedlings were transferred to soil and grown under the same 
condition in growth chambers.  
Bacterial Inoculation 
Four-week-old WT and w53t plants grown under short day condition (8h light/16h dark) 
were injected with 0.002 OD600 Pseudomonas syringae pathovar tomato DC3000. Samples were 
collected 2 days after inoculation and grinded with autoclaved water. Same amount of solution 
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was pipetted on King’s medium plates with 50mg/ml Rifampicin for two days. The average and 
standard deviation were calculated based on three biological replicates, each with 10 leaf discs. 
Plasmid Construction and Protein-Protein Interaction Assays 
The DNA primer sequences used for this study are listed in Table 1. For the yeast two-
hybrid assays, WRKY53 was cloned into both GAL4 bait and prey vectors. BES1 and BIN2 were 
cloned into GAL4 bait and prey vectors, respectively (Clontech). The constructs were 
transformed into yeast strain Y187 and the lacZ reporter assay was measured using X-gal 
according to the manufacturer’s protocol (Clontech). For GST pull-down assay, WRKY53 fused 
to GST tag was cloned into both pET42a and purified with glutathione agarose beads (Sigma). 
BIN2, BES1 and MPK6 were fused with MBP and purified with amylose resin (NEB). GST 
pull-down assays were performed as described (Yin et al., 2002). For Biomolecular fluorescence 
complementation (BiFC) assay, the N-terminus (amino acids 1-174) or C-terminus (amino acids 
175-239) of YFP vectors were described in (Yu et al., 2008). The full-length coding region of 
WRKY53 and BES1 were cloned into YFPC and YFPN and then transformed into 
Agrobacterium tumefaciens strains GV3101. BiFC assay was performed as described (Wang et 
al., 2014).   
In vitro Kinase Assay 
For the in vitro kinase assay, MBP and MBP-WRKY53 were incubated with GST-BIN2 
kinase or HIS-MPK6 in 20ul of kinase buffer (20 mM Tris [pH 7.5], 100 mM NaCl, and 12 mM 
MgCl2 and 10 µCi 32P-γATP (Yin et al., 2002). After incubation at 37°C for 1 hour, 20 µl 
2XSDS buffer were added to stop the reaction and then the samples were boiled for 5 minutes. 
Proteins were resolved by SDS-PAGE gel and phosphorylation signal was detected by 
Typhoon/Image Quant TL.  
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Gene Expression Analysis and Luciferase (LUC) Assay 
For the gene expression analysis, 1000nM BL was sprayed on four-week-old bes1-D and 
WT. DMSO was used as control. Plant tissues were collected after 2.5 hours’ treatment and total 
RNA was extracted using TRIzol Reagent (Thermo Fisher) and RNeasy Mini Kt (Qiagen). 
SYBR Green PCR Master Mix (Applied Biosystems) was used in qPCR analysis and qPCR 
samples were run on Mx4000 multiplex quantitative PCR (qPCR) system (Stratagene) with three 
technical replicates. UBQ5 was used as the internal control. Similar result was obtained from 
three biological replicates.  
For the transient expression of BR-regulated genes, At2g45210 promoter were fused with 
luciferase (LUC) reporter gene. WRKY53 and BES1 coding regions were cloned into pZP211 
vector and transformed into Agrobacterium. Equal amount of Agrobacterium cells transformed 
with BES1 or WRKY53 alone or BES1 and WRKY53 was injected into tobacco leaves. The 
luciferase activities were measured with the luciferase assay system from Promega using 
Berthold Centro LB960 luminometer. The luciferase data were normalized by the total protein 
content. 
Quantitative PCR Measurement 
PCR was performed in a 20ul reaction containing SYBR Green PCR Master Mix 
(Applied Biosystems), cDNA and primers (listed in Table 1) and measured with Stratagene 
Mx4000 qPCR machine. 
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4.8. Figures 
 
Figure 1. The expression of WRKY30, WRKY41 and WRKY53 is induced by BL treatment. (A) 
WRKY30, WRKY41 and WRKY53 mRNA levels were determined in Col and bes1-D mutant from 
RNAseq analysis. (B) The induction of WRKY41 and WRKY53 genes were confirmed in Col 
and bes1-D with or without BL treatment by qPCR.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	 117 
Figure 2. WRKY30, WRKY41 and WRKY53 play positive roles in BR pathway. (A) The 
growth phenotype of three-week-old Col and wrky30 wrky41 wrky53 triple mutant (abbreviated 
as w53t in all Figures). (B) The measurement of blade lengths, blade widths and petiole lengths 
of the 6th leaves. Error bars indicate SD, n = 13 (* P < 0.05, ** P < 0.01; Student’s t test). (C) 
The growth phenotype of three-week-old Col, wrky46 wrky54 wrky70 (w54t) and wrky30 wrky41 
wrky53 wrky46 wrky54 wrky70 (wrkyS). (D) Hypocotyl lengths of 6-day-old seedlings grown on 
½ MS medium with 0, 10 and 100 nM BL. Mean was calculated and the SD was also presented. 
Error bars indicate standard deviation (* P < 0.05, ** P < 0.01; Student’s t test).  
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Figure 3. WRKY53 interacts with BIN2 and is phosphorylated by BIN2. (A) The domain 
structure of WRKY53 protein. * indicates the potential BIN2 phosphorylation sites. Totally 20 
potential BIN2 phosphorylation sites are found in WRKY53 protein. (B) – (C) WRKY53 
interacts with BES1 by yeast two-hybrid assay (B) and in vitro GST pull-down assay (C). (D) In 
vitro kinase assays show BIN2 phosphorylates WRKY53. (E) The phosphorylation of WRKY53 
by BIN2 was inhibited with the increasing concentrations of bikini.  
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Figure 4. WRKY53 directly interacts with BES1 both in vivo and in vitro.  
(A) – (B) WRKY53 interacts with BES1 by yeast two-hybrid assay (A) and in vitro GST pull-
down assay (B). (C) WRKY53 interacts with BES1 by BiFC assay in vivo. Co-transformation of 
WRKY53-YFPC and BES1-YFPN led to the expression of YFP signal, whereas no signal was 
detected when WRKY53-YFPC and YFPN were co-expressed. The experiments were performed 
twice with similar results.  
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Figure 5. WRKY53 cooperates with BES1 to regulate the expression of BR target genes. (A) The 
expression of BR-induced genes was analyzed in w53t based on RNAseq data.  
(B) The expression of BR-repressed was analyzed in w53t based on RNAseq data.  
(C) Transient expression of luciferase (LUC) driven by the BR-regulated gene promoters of 
At2g45210. The mean and SD were derived from three biological repeats. 
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Figure 6. WRKY30/41/53 play positive roles in bacterial defense response. (A) The phenotype 
of Col and w53t mutant in response to P. syringae at 2dai. (B) Bacteria were measured in Col 
and w53t at 2dai. Means were calculated from 3 biological replicates and each biological 
replicate had 10 leaf discs from 4 individual plants. Error bars indicate standard deviation (* P < 
0.05, ** P < 0.01; Student’s t test).  
  
 
Figure 7. AtWRKY53 is phosphorylated by AtMPK6. (A) WRKY53 interacts with BES1 by in 
vitro GST pull-down assay. (B) The domain structure of WRKY53 protein. * indicates the 
potential MPK6 phosphorylation sites. Totally 11 potential MPK6 phosphorylation sites are 
found in WRKY53 protein. (C) In vitro kinase assays show MPK6 phosphorylates WRKY53 
(upper band) and the autophosphorylation of MPK6 (bottom band). (D) The loading control of 
MBP, MPK6-6HIS and WKY53-MBP proteins. 
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Figure 8. The working model of WRKY53 in BR-regulated plant growth and in defense 
response.  WRKY53 are regulated by BR signaling through BIN2 and BES1, and cooperate with 
BES1 to promote plant growth (right). WRKY53 play a positive role in MAPK cascade-PTI 
pathway in response to bacterium P.syringae and might coordinate with BES1 to regulate the 
expression of defense-responsive genes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	 123 
Table S1: primers used in this study. 
Gene    Sequences 
Genotyping    
wrky30 Forward AAAAGTCGCCGAAAAATTGAC 
 Reverse TTATTTTTGCATGGCTTCTGG 
wrky41 Forward GAAAGGTTCCAGGATCTCCAG 
 Reverse GGGGAAGCCTGTGTTAATCTC 
wrky53 Forward TCAGGCACGACTTAGAGAAGC 
 Reverse GGGAAAGTTGTGTCAATCTCG 
 
Yeast two hybrid     
WRKY53-pGADT7/pGBKT7 
(EcoRI/BamHI) Forward 
CGC GAATTC 
ATGGAAGGAAGAGATATGTTAAGTT 
 Reverse 
CGC GGATCC 
TTAATAATAAATCGACTCGTGTAAA 
Protein expression     
WRKY53-MBP/GST 
(BamHI/SalI) Forward 
CGC GGATCC 
ATGGAAGGAAGAGATATGTTAAGTT 
 Reverse 
CGC GTCGAC 
TTAATAATAAATCGACTCGTGTAAA 
MPK6-MBP/HIS 
(BamHI/SalI) Forward 
CGC GGATCC 
ATGGACGGTGGTTCAGGTCAACCG 
 Reverse 
CGC GTCGAC 
CTATTGCTGATATTCTGGATTGAAAG 
BiFC     
WRKY53-YFPC 
(BamHI/SalI) Forward 
CGC GGATCC 
ATGGAAGGAAGAGATATGTTAAGTT 
 Reverse 
CGC GTCGAC 
ATAATAAATCGACTCGTGTAAAAACGCGG 
Luciferase assay     
At2g45210P 
(BamHI/HindIII) Forward CGCGGATCCTCATCAACGTACACAAG 
 Reverse CGCAAGCTTCTTCTTATAGCTAACTTT 
Gene expression      
WRKY41 Forward CCAAAGATCGGACGGTGATC 
 Reverse CTCAAGAATATTCAATACTG 
WRKY53 Forward ATCACAAGAACACCACCATT 
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CHAPTER 5. CONCLUSION 
5.1. The functions of WRKY46/54/70 in BR-regulated plant growth and drought 
Brassinosteroids (BRs) play an important role in plant growth and development (Szekeres 
et al., 1996; Li and Chory, 1997). Physiological studies on BR-deficient/insensitive mutants in 
model plant Arabidopsis and crops reveal that BRs are also involved in stress response, including 
drought and biotic stress response (Clouse, 2003). However, the role of BRs in those stress 
response is still somewhat controversial. For example, Overexpression of BR biosynthetic gene 
AtDWF4 displayed increased tolerance to drought stress in Brassica napus (Sahni et al., 2016). 
On the other hand, RNAi knockdown mutant of BR receptor BRI1 showed enhanced drought 
response (Feng et al., 2015). Recently our lab has found that RD26 – a NAC transcription factor 
– negatively controls BR-regulated plant growth and positively mediates drought response (Ye et 
al., 2017). RD26 mediates the crosstalk between BR signaling and drought response via the 
reciprocal inhibitory mechanism with BES1, a central transcription factor in the BR signaling 
pathway. However, whether or not there are other transcription factors cooperate with BES1 to 
mediate the balance between BR-regulated plant growth and drought stress remained to be 
established.  
Here we found that a group of WRKY transcription factors, WRKY46/54/70 that interact 
with BES1 to play a positive role in BR-regulated growth and negative role in drought response. 
WRKY family has over 70 members in higher plants, which can be divided into three subgroups 
based on the number of WRKY domains and zinc finger pattern (CCHH or CCHC) (Eulgem, 
2000). The WRKY46/54/70 investigated in this thesis belong to group III with one WRKY 
domain and CCHC zinc finger pattern (Rushton et al., 2010). The expression of WRKY46/54/70 
is induced upon BL treatment in WT and bes1-D, a gain-of-function mutant of the BR pathway. 
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The genetic evidence indicated that wrky46 wrky54 wrky70 (w54t) triple mutants have dwarf 
phenotype, suggesting their positive role in plant growth. The global gene expression profiling 
revealed that that 4530 and 4600 genes are down- or up-regulated in w54t, respectively. About 
34% of BES1-induced genes are down-regulated in w54t and a quarter of BES1-repressed genes 
are up-regulated in w54t. We further found that WRKY54 and BES1 interact with each other to 
regulate the transcriptional activity of BR-target genes.  
On the other hand, w54t exhibited enhanced tolerance to drought, consistent with a 
previous study (Li et al., 2013). About 53% of dehydration-induced genes is up regulated in w54t 
whereas 64% of dehydration-repressed genes is down regulated in the mutant. The physiological 
assay and global transcriptome analysis indicate that WRKY46/54/70 play a negative role in 
drought stress. Moreover, WRKY54 cooperates with BES1 to repress the transcription of 
drought-inducible genes by binding to W-box region of the target promoter. We also found that 
WRKY46/54/70 are substrates of BIN2, a GSK-like kinase, and the phosphorylation lead to their 
protein stability, which further expanded the function of BIN2 in regulating plant physiological 
and developmental processes. 
5.2. Future direction on WRKY46/54/70  
Although WRKY46/54/70 was found to mediate the crosstalk between BR-regulated 
plant growth and stress response through cooperation with BES1, there are still some research 
needs be done in the future to further characterize the function and mechanism of WRKYs in the 
developmental and physiological processes:    
1) The Recent identified RD26 transcription factor in our lab is a positive regulator in 
drought signaling and is involved in the crosstalk between BR-regulated growth and drought 
response by antagonizing with BES1. Our preliminary analysis indicated that RD26 and 
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WRKY54 have a large number of overlapped genes based on our global gene expression studies. 
It would be interesting to determine if WRKY54 interacts with RD26 in the drought response. In 
vivo and in vitro interaction assays, transient gene expression studies and generation of multiple 
mutants RD26OX w54t can help test the hypothesis.  
2) Abscisic acid (ABA) is a well-known plant stress hormone and its endogenous level 
increases upon drought stress or dehydration response (Tuteja, 2007). In this research project, we 
primarily studied the function of WRKY in BR-regulated plant growth and drought response. 
Whether WRKY46/54/70 is involved in ABA signaling pathway need to be studied. Some 
experiments such as yeast two hybrid screen using WRKY54 as the bait to find the ABA 
signaling factors would provide some clues on how WRKY46/54/70 is regulated by ABA 
signaling.  
3) Nearly 40% of the Arabidopsis genome is differentially expressed in w54t. Among 
those, only ~10% contribute to the strong phenotype of w54t in response to drought. It would be 
interesting to investigate what biological process the rest 30% are involved in. The GO Term 
analysis indicated that most of the genes are related to cellular processes. Therefore, a close 
characterization of the role and mechanism of WRKY46/54/70 in cellular processes, such as 
metabolism and senescence, would expand the functions of these WRKY TFs. For example, we 
observed that w54t displayed early senescence phenotype at later adult stage and how 
WRKY46/54/70 regulate plant senescence needs to be studied.  
5.3. The study of WRKY30/41/53 in BR-regulated plant growth and defense response 
In the same group III of WRKY transcription factors, we identified three more WRKYs 
(WRKY30/41/53) that are involved in bacterial defense response and slightly contribute to BR-
mediated plant growth. The RNA sequencing analysis of WT and bes1-D mutant revealed that 
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mRNA transcripts of WRKY30, WRKY41 and WRKY53 increased about 2-3 folds in bes1-D 
compared to WT. The w53t mutants was less sensitive to BR. Furthermore, the expression of 
BR-induced genes was reduced in w53t and the BR-repressed genes was increased in the mutant, 
indicating that WRKY30/41/53 are required for BR-required plant growth. We also found that 
WRKY53 is another cofactor of BES1 and cooperates with BES1 to regulate the transcription of 
BR-repressed genes.  
Previous studies showed that WRKY30, WRKY41 and WRKY53 positively regulated 
plant immunity in response to bacteria P. syringae or fungi (Murray, 2007; Hu et al., 2012; Peng, 
2012). Consistent with the previous data, we found that w53t mutants displayed increased 
susceptibility to P. syringae. MAPK cascade (consists a MAPKKK, a MAPKK, and a MAPK), 
which transduces signal from upstream PAMP receptors to downstream target genes, plays a key 
role in plant defense response to the pathogen attack (Pitzschke et al., 2009). WRKY 
transcription factors have been found to act downstream of MAPK cascade (Ishihama and 
Yoshioka, 2012). Here, we found that MPK6 phosphorylated WRKY53 via direct interaction in 
Arabidopsis. Recently, BES1 was also identified as a substrate of MPK6 in Arabidopsis (Kang et 
al., 2015). Mutated the MPK6 phosphorylation sites on BES1 failed to recover the bacterial 
resistance in bes1 mutant (Kang et al., 2015). We found that there is direct interaction between 
WRKY53 and BES1. Based on these results, we propose that WRKY53 and BES1 may 
cooperate to enhance basal resistance to bacterial pathogens.  
5.4. Future direction on WRKY30/41/53 
We found WRKY30/41/53 are involved in BR-regulated plant growth and in defense 
response to bacterial pathogen. However, whether WRKY30/41/53 are involved in BR-regulated 
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defense response and the biological function of phosphorylation of BIN2 and MPK6 kinases on 
WRKY53 still need to be determined.   
1) To study the involvement of WRKY30/41/53 in BR-regulated defense response. 
Propiconazole (pcz), a BR inhibitor (Hartwig et al., 2012), can be applied to 4-week-old WT and 
w53t mutants to block BR pathway to study the contribution of WRKY30/41/53 and BR in 
bacterial defense. The pcz-treated WT and w53t can be tested with P. syringae to determine the 
defense response and marker gene expression (e.g. PR1, WRKY22, FRK1). 
2) What is the biological function of BIN2 phosphorylation on WRKY53? We previously 
found that BIN2 phosphorylation on WRKY54 led to the protein degradation. When plants are 
under drought stress, BIN2 is activated, resulting in the degradation of WRKY54 protein. This 
would release the inhibitory effect of WRKY54 on drought-inducible genes. Does BIN2 
phosphorylation on WRKY53 have the same effect? a) Further experiments should be performed 
to check the WRKY53 protein stability in bin2 mutants by generating WRKY53OX bin2-1 and 
WRKY53OX bin2 knockout mutant. b) Phosphorylation-mimic or -dead forms of WRKY53 
could be generated, which could be used to examine the binding activity of WRKY53 on its 
target gene promoter region by gel mobility shift assay. c) Generate BIN2 phosphorylation-
mimic or -dead forms of WRKY53 transgenic plants and determine their growth phenotypes and 
their response to BR.   
3) What is the effect of MPK6 phosphorylation on WRKY53? a) Determine if the 
phosphorylation affects its DNA-binding activity on W-box of defense-related gene promoter 
region by gel mobility shift assays. b) If not, then determine if phosphorylation on WRKY53 can 
increase its transactivation activity by transient gene expression in tobacco leaves. c) Generate 
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MPK6 phosphorylation-mimic or -dead forms of WRKY53 transgenic plants and determine their 
phenotypes and their susceptibility to P. syringae.  
4) Do WRKY53 and BES1 cooperate with each other in the regulation of defense-
responsive genes? In BR-regulated plant growth, we found that WRKY53 coordinates with 
BES1 in repressing the transcription of BR down-regulated genes. Additional transient 
expression assay can be performed to test if WRKY53 and BES1 cooperate with each other in 
regulating the expression of defense-responsive genes. 
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ABSTRACT The plant steroid hormones, brassinosteroids (BRs), play important roles in plant growth, development, and 
responses to environmental stresses. BRs signal through receptors localized to the plasma membrane and other signal-
ing components to regulate the BES1/BZR1 family of transcription factors, which modulates the expression of thousands 
of genes. How BES1/BZR1 and their interacting proteins function to regulate the large number of genes are not com-
pletely understood. Here we report that histone lysine methyltransferase SDG8, implicated in histone 3 lysine 36 di- and 
trimethylation (H3K36me2 and me3), is involved in BR-regulated gene expression. BES1 interacts with SDG8, directly or 
indirectly through IWS1, a transcription elongation factor involved in BR-regulated gene expression. The knockout mutant 
sdg8 displays a reduced growth phenotype with compromised BR responses. Global gene expression studies demon-
strated that, while BR regulates about 5000 genes in wild-type plants, the hormone regulates fewer than 700 genes in 
sdg8 mutant. In addition, more than half of BR-regulated genes are differentially affected in sdg8 mutant. A Chromatin 
Immunoprecipitation (ChIP) experiment showed that H3K36me3 is reduced in BR-regulated genes in the sdg8 mutant. 
Based on these results, we propose that SDG8 plays an essential role in mediating BR-regulated gene expression. Our 
results thus reveal a major mechanism by which histone modifications dictate hormonal regulation of gene expression.
Key words: brassinosteroid; histone modifications; gene regulation.
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INTRODUCTION
Understanding how histone modifications and chromatin 
structure modulate gene expression is an important aspect 
of regulatory biology. In response to various stimuli such 
as hormones, pathway-specific transcription factors can 
recruit chromatin-remodeling complexes and histone-
modifying enzymes to regulate chromatin structure and 
gene expression (Li et al., 2007a). Histones can be modified 
at multiple positions, which forms a ‘histone code’ that 
determines gene activity (Jenuwein and Allis, 2001). The 
hormonal regulation of histone modifications is not well 
understood in plant systems.
Plant steroid hormones, brassinosteroids (BRs), regu-
late many processes including cell elongation, cell divi-
sion, leaf senescence, vascular differentiation, flowering 
time control, male reproduction, photomorphogenesis, 
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and responses to both biotic and abiotic stresses (Divi and 
Krishna, 2009; Yang et al., 2011; Hao et al., 2013; Zhu et al., 
2013). BRs signal through the plasma membrane-localized 
receptor kinase BRI1 to regulate BES1 and BZR1 (BES1/
BZR1) family transcription factors, which in turn control 
the target gene expression (Li and Chory, 1997; Kim and 
Wang, 2010; Li, 2010; Clouse, 2011; Hothorn et al., 2011; 
She et al., 2011; Guo et al., 2013).
In the absence of BRs, several mechanisms function 
together to reduce basal BR signaling. A negative regula-
tor, BKI1, binds and inhibits BRI1 function (Wang and Chory, 
2006). BES1/BZR1 are phosphorylated and inhibited by 
negative regulator BIN2 kinase (Choe et al., 2002; He et al., 
2002; Li and Nam, 2002; Perez-Perez et al., 2002; Yin et al., 
2002; Zhao et  al., 2002). Moreover, a Leucine C-terminal 
methyltransferase (LCMT) activates PP2A, which dephos-
phorylates BRI1 and turns off BR signaling (Di Rubbo et al., 
2011; Wu et al., 2011). Autophosphorylation of BRI1 also 
leads to its self-deactivation (Oh et al., 2012).
Binding of BRs to BRI1 leads to the release of BKI1; 
BKI1 then sequesters 14–3–3s that keep phosphorylated 
BES1/BZR1 in the cytoplasm (Jaillais et  al., 2011; Wang 
et  al., 2011). BRs also promote the association of BRI1 
with co-receptor BAK1 and the activation of BRI1 kinase 
through sequential phosphorylation (Li et al., 2002; Nam 
and Li, 2002; Russinova et  al., 2004; Wang et  al., 2005, 
2008; Oh et al., 2009; Gou et al., 2012). Activated BRI1 and 
BAK1 act through BSK kinase, CDG kinase, BSU1 phos-
phatase, and other components to inhibit BIN2 kinase 
activity (Mora-Garcia et  al., 2004; Tang et  al., 2008; Kim 
et al., 2009, 2011). The inhibition of BIN2 kinase and action 
of PP2A phosphatase allow the accumulation of BES1/BZR1 
in the nucleus to regulate gene expression (He et al., 2005; 
Yin et al., 2005; Ryu et al., 2010a, 2010b; Tang et al., 2011).
In the nucleus, BES1 interacts with other transcription 
factors and regulators to control target gene expression 
(Li, 2010; Guo et al., 2013). EARLY FLOWERING 6 (ELF6) and 
RELATIVE OF ELF6 (REF6) were originally identified as two 
related proteins that function to regulate flowering time 
by affecting the function of the flowering repressor FLC 
(Flowering Locus C) (Noh et al., 2004). The REF6 and ELF6 
proteins have conserved Jumonji domains (JmjN and JmjC), 
which function as histone demethylases (Klose and Zhang, 
2007). REF6 is a histone 3 lysine 27 (H3K27) demethylase (Lu 
et al., 2011), which removes methylation groups from di- or 
tri-methylated H3K27 (H3K27me2 or H3K27me3), a tran-
scriptional repression mark (Turck et al., 2007; Zhang et al., 
2007). REF6 and ELF6 interact with BES1 and are involved 
in BR-regulated gene expression (Yu et  al., 2008). It is 
therefore conceivable that BES1 recruits REF6 to remove 
H3K27me3 and thus allow the expression of target genes.
Additionally, it has been shown that IWS1 (Interacts 
With Spt6) is involved in BR-regulated gene expression via a 
forward genetic approach (Li et al., 2010). The iws1 mutant 
has semi-dwarf phenotype with reduced BR responses and 
global reduction in BR-induced gene expression. IWS1 
interacts with BES1 and is recruited by BES1 to target 
genes. Moreover, IWS1 (also named SPN1 in yeast) is part of 
the Pol II complex and implicated in transcription elonga-
tion (Fischbeck et al., 2002; Krogan et al., 2002; Lindstrom 
et al., 2003; Ling et al., 2006; Yoh et al., 2007; Mayer et al., 
2010). Studies in yeast and mammalian systems suggested 
that IWS1 is involved in chromatin remodeling and histone 
modifications. In yeast, IWS1 recruits transcription elonga-
tion factor Spt6 and chromatin-remodeling complex SWI/
SNF to induce CYC1 gene expression (Zhang et al., 2008). 
In cultured human cells, IWS1, Spt6, and HKMT HYPB/Setd2 
form a protein complex on the C-terminal domain (CTD) of 
the largest subunit of RNA Polymerase II (Yoh et al., 2008). 
HYPB/Setd2 is a SET domain (Su(var)3–9, E(z), and Trithorax), 
the core catalytic motif conferring histone lysine methyl-
transferase (HKMT) activity and catalyzes the formation of 
histone 3 lysine 36 trimethylation (H3K36me3). H3K36me3 
displays a positive correlation with transcription rate, likely 
by preventing non-specific transcription initiations in the 
coding regions through histone deacetylation (Pokholok 
et al., 2005; Li et al., 2007b).
In Arabidopsis, there are 43 SET Domain Group (SDG) 
containing proteins with conserved SET domains. Of the 
43, SDG8 exhibits the highest sequence similarity (44% 
overall and 52% in SET domain) to HYBP/Setd2 (Xu et al., 
2008). The loss-of-function mutant, sdg8, exhibits a global 
reduction in H3K36me2 and H3K36me3, and an increase 
in H3K36me1, which is consistent with the hypothesis that 
SDG8 targets H3K36 modifications (di- and trimethylation, 
H3K36me2 and H3K36me3) (Zhao et  al., 2005; Xu et  al., 
2008). SDG8 was also identified as EARLY FLOWERING IN 
SHORT DAYS (EFS) in Arabidopsis, mutation of which leads 
to an early flowering phenotype due to altered chroma-
tin modifications at the FLC locus and reduced expression 
of FLC (Kim et al., 2005). Chromatin Immunoprecipitation 
(ChIP) studies demonstrated that H3K36me3 is enriched in 
coding regions of a majority of genes on Chromosome 4 in 
Arabidopsis (Roudier et al., 2011), suggesting that this mod-
ification can affect many biological processes. Indeed, more 
recent studies showed that SDG8 is involved in many other 
biological processes such as shoot branching (Dong et al., 
2008), ovule and anther development (Grini et al., 2009), 
carotenoid composition (Cazzonelli et al., 2009, 2010), seed 
gene expression (Tang et al., 2012), fungal defense related 
to jasmonic acid and ethylene-regulated gene expression 
(Berr et al., 2010), and innate immunity (Palma et al., 2010). 
Rice SDG725, an H3K36 HKMT, was recently shown to be 
involved in BR signaling as well as flowering time control 
(Sui et al., 2012, 2013). Knockdown of SDG725 gene results 
in BR loss-of-function phenotypes such as dwarfism, short-
ened internodes, erect leaves, and small seeds. Gene expres-
sion and ChIP analyses revealed that D11 (DWARF11), BRI1, 
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and BU1 (BRASSINOSTEROID-UPREGULATED 1), involved in 
BR biosynthesis, perception, and downstream signaling in 
rice, respectively, are down-regulated in the mutant (Sui 
et al., 2012). A recent study showed that two of the SDG8-
regulated microRNAs are regulated by BRs and are impli-
cated in BR-regulated gene expression (Dong and Li, 2013). 
These results further support the role of H3K36 methylation 
in BR-regulated gene expression and signaling.
In this study, we investigate the function of 
Arabidopsis H3K36 HKMT SDG8 in BR signaling and the 
potential mechanisms of its action. We found that SDG8 
is likely recruited to BR target genes through interactions 
with both IWS1 and BES1. The knockout mutant of SDG8 
displays a BR response phenotype and many BR-regulated 
genes are no longer regulated or misregulated in the sdg8 
mutant. Based on our genetic and genomic data, we pro-
pose that SDG8 play an important role in BR-regulated 
gene expression and BR signaling.
RESULTS
SDG8 Interacts with IWS1 and BES1
Previous results indicated that the BR-specific transcription 
factor, BES1, recruits the transcription elongation factor IWS1 
to control BR-regulated gene expression (Li et al., 2010). Since 
human IWS1 forms a complex with H3K36 histone methyl-
transferase HYPB/Setd2 (Yoh et al., 2008), we tested whether 
Arabidopsis IWS1 directly interacts with H3K36 histone lysine 
methyltransferase SDG8 using yeast two-hybrid assays. The 
SDG8 protein is predicated to have 1805 amino acid residues 
and contains several domains, including an amino-terminal 
domain, a CW domain (cystein and tryptophan conserved, 
amino acid, or aa 864–910), AWS (associated with SET, aa 
974–1,025), the SET domain (aa 1,025–1,147), and a cystein-
rich domain (C, aa 1152–1168) and carboxyl-terminal domain 
(Zhao et  al., 2005; Xu et  al., 2008). Several overlapping 
fragments of SDG8 (F1-6) were cloned into pGBKT7 vector 
to examine their potential interactions with full-length or 
C-terminal-conserved domain of IWS1 (Figure 1A). Figure 1B 
showed that two regions of SDG8, F2 (aa 304–663) and F4 (aa 
823–974, including the CW domain), interact with IWS1. The 
C-terminal-conserved domain of IWS1 was sufficient for the 
interaction with SDG8 (Li et al., 2010).
We also tested the possible direct interaction 
between BES1 and SDG8. We found that the first part of 
N-terminal (F1, amino acids 1–329) of SDG8 interacts with 
BES1 through its central part (P and S domains of BES1, 
aa 99–197 and 150–267, respectively). The interactions 
between SDG8/BES1 and SD8/IWS1 were further confirmed 
in vitro by GST pull-down assays (Figure 1D). GST–SDG8-F2 
and GST–SDG8-F4 interact with maltose binding protein 
(MBP)–IWS1C (upper panel), and GST–SDG8-F1 interacts 
with MBP–BES1 (lower panel).
Bimolecular Fluorescence Complementation (BiFC) 
assays were used to confirm BES1–SDG8 and SDG8–IWS1 
interactions in plants (Figure 2 and Supplemental Figure 1). 
Full-length clones of BES1, SDG8, or IWS1 were fused in-
frame with cYFP (C-terminal of YFP) or nYFP (N-terminal 
of YFP) and co-expressed in tobacco leaves mediated by 
Agrobacteria. Co-expression of SDG8–cYFP and BES1–nYFP 
led to the complementation of YFP and strong fluores-
cence signals in the nucleus (Figure 2A and 2B). In contrast, 
co-expression of cYFP and BES1–nYFP did not produce any 
fluorescence signal (Figure 2D) and co-expression of SDG8–
cYFP and nYFP produced some background signals, which 
happened with less frequency and intensity than those 
observed with co-expression of SDG8–cYFP and BES1–nYFP 
(Figure 2C). Interactions between SDG8 and IWS1 were also 
observed in plants by BiFC (Supplemental Figure 1). Taken 
together, these studies suggest that BES1 form a trimeric 
complex with IWS1 and SDG8 to regulate BR-regulated 
gene expression (Figure 1E).
The sdg8 Mutant Shows Altered BR Response 
Phenotype
To determine whether SDG8 is involved in BR signaling, 
we obtained a T-DNA insertional line, SALK_036941; the 
T-DNA insertion between aa 1058 and 1059 was used in 
the study. The allele was previously designated as ashh2-5, 
with similar growth phenotype to several other sdg8 alleles 
(Dong et al., 2008; Grini et al., 2009; Tang et al., 2012) and 
is referred to as sdg8 in this study for simplicity. The sdg8 
mutant plants displayed a reduced growth phenotype at 
both vegetative and reproductive stages (Figure  3A and 
3B). The sdg8 mutant plants had smaller leaves, shorter 
inflorescences, more branches, and smaller siliques com-
pared to wild-type (WT) plants (Figure  3B), similarly to 
other reported loss-of-function alleles of sdg8 (Zhao et al., 
2005; Dong et al., 2008; Xu et al., 2008; Cazzonelli et al., 
2009; Grini et al., 2009; Tang et al., 2012).
To investigate how SDG8 is involved in the BR response, 
we determined the response of the mutant to brassinazole 
(BRZ), an inhibitor of BR biosynthesis in dark-grown seed-
lings (Asami and Yoshida, 1999). As shown in Figure  3C, 
sdg8 mutants, like iws1 (Li et al., 2010), were more sensi-
tive to BRZ than WT. In the presence of brassinolide (BL, the 
most active BR), sdg8 mutant also had clearly reduced BR 
response than WT (Figure 3D). These results indicated that 
SDG8 is required for BR-regulated plant growth.
SDG8 Differentially Modulates BR-Regulated 
Gene Expression
To investigate how SDG8 modulates BR-regulated gene 
expression, we performed global gene expression study 
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with 4-week-old WT and sdg8 mutant plants in the absence 
or presence of BR. While BR regulates about 5000 genes 
(2678 induced and 2376 repressed, Supplemental Tables 1 
and 2, respectively) in WT plants, it regulates only about 
676 genes (Supplemental Table  3) in the sdg8 mutant 
(Figure 4A). The results demonstrate that SDG8 plays a crit-
ical role in BR-regulation of gene expression.
We also compared BR-regulated genes in WT with 
genes affected in sdg8 mutant. Consistently with the strong 
mutant phenotype, about one-third of the genes detected 
by RNA-seq are either up- (4240) or down (4078)-regulated 
in the sdg8 mutant as compared to WT (Supplemental 
Tables 4 and 5). Both BR-induced and BR-repressed genes 
significantly overlap with genes affected by sdg8, which 
are designated as Groups A–D (Figure  4B). More than 
half of the BR-induced genes are differentially expressed 
in the sdg8 mutant (N = 550 (Group A) + 794 (Group B), 
Figure 4B). Similarly, about half of the BR-repressed genes 
are differentially expressed in the sdg8 mutant (851 (Group 
C) + 401 (Group D)). These results show that SDG8 can func-
tion to either activate (Groups A and C) or repress (Groups 
B and D) BR-regulated gene expression, directly or indi-
rectly. Gene ontogeny analysis indicated genes affected by 
BR and SDG8 can regulate many cellular, metabolic, and 
signaling processes as well as cellular responses to stress 
and other stimuli (Supplemental Figure 2).
To further reveal how SDG8 controls BR-regulated 
genes, we generated heatmaps for the four groups of 
genes (A, B, C, and D) in WT and sdg8 mutants with or 
without BR treatment (Figure 5). Group A genes are down-
regulated in sdg8 under both BR-treated and untreated 
conditions, but their induction by BR is not affected in the 
mutant (Figure  5A and Supplemental Figure  3). In con-
trast, other BR-induced genes (Group B) are up-regulated 
in sdg8 and BR has few, if any, effects on their expres-
sion (Figure 5B and Supplemental Figure 3). These results 
suggest that SDG8 may function, directly or indirectly, to 
repress some BR-induced genes in the absence of BR; and 
BR reverses the ‘repression’ activity of SDG8, thereby de-
repressing (i.e. activating) these BR-induced genes.
On the other hand, a significant portion of 
BR-repressed genes (Group C) is down-regulated in the 
sdg8 mutant; and BR has little effect on these genes in 
the mutant (Figure 5C and Supplemental Figure 3). These 
results suggest that SDG8 activates these BR-repressed 
genes in the absence of the hormone and BR inhibits the 
‘activation’ activity of SDG8. As in the case of BR-induced 
genes, SDG8 acts to represses some BR-repressed genes 
(Group D) as they are up-regulated in sdg8 mutant and still 
repressed by BR (Figure 5D and Supplemental Figure 3).
BR can induce many genes encoding cell wall loosen-
ing enzymes required for cell elongation such as expansins, 
xyloglucan endotransglucosylase/hydrolases (XTHs), and pec-
tin lyases (Darley et al., 2001). We examined the regulation of 
the cell wall-modifying genes by BR and SDG8 (Table 1). Most 
of the BR-regulated cell wall-related genes belong to Group 
A (induced by BR and reduced in sdg8 mutant), which is con-
sistent with the reduced growth phenotype of the mutant.
Histone 3 Lysine 36 Trimethylation (H3K36me3) 
Is Reduced in BR-Regulated Genes
To investigate how H3K36 trimethylation affects 
BR-regulated gene expression, we examined four 
Figure 1 SDG8 Interacts with IWS1 and BES1.
(A) SDG8 protein structure and fragments used in protein–pro-
tein interaction experiment. Predicted SDG8 contains an amino-
terminal domain, a CW domain, an AWS, a SET domain involved 
in histone lysine methyltransferase activity, a cystein-rich (C), and 
a carboxyl domain. The fragments used in yeast two-hybrid and 
GST pull-down assays and the amino acid positions are indicated.
(B) SDG8 interacts with IWS1 in yeast two-hybrid assay. SDG8 frag-
ments (F1–F6) were cloned into pGBKT7 and full-length IWS1 or 
C-terminal of IWS1 (IWS1-C) was cloned into pGADT7. The yeast 
strains harboring indicated plasmids were used for LacZ assays. 
SDG8 F2 and F4 interact with both IWS1-C and IWS1. The SET 
domain itself auto-activates the reporter gene expression and was 
not shown.
(C) SDG8 interacts with BES1 in yeast two-hybrid assay. SDG8 frag-
ments were tested for interactions with BES1 (C: aa 268–335, S: 
aa 150–267, or P: aa 99–197). SDG8 F1 interacts with BES1 S and P 
domains.
(D) GST pull-down assays confirmed the interactions between 
SDG8 and IWS1/BES1. GST, GST–SDG8-F2, and GST–SDG8-F4 were 
used to pull down MBP–IWS1C. GST and GST–SDG8-F1 were 
used to pull down MBP–BES1. The IWS1 and BES1 proteins were 
detected with anti-MBP antibody (NEB).
(E) A model for SDG8 functions in the BR pathway: SDG8 may act 
in a complex with IWS1 and BES1 in the control of BR-regulated 
gene expression.
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BR-induced genes that are either down-regulated 
(At3g16240 and At3g61430 from Group A) or up-regulated 
(At3g57260 and At2g24850 from Group B) in sdg8 mutant 
by ChIP analysis. These four genes were chosen because 
they were clearly regulated by BR and affected in sdg8 
(Figure 6A). ChIP assays were performed with H3K36me3 
(H3K36 trimethylation) antibody using chromatin prepared 
from WT and sdg8 mutant plants. Since it is well estab-
lished that H3K36me3 mostly accumulates in transcribed 
regions (Mayer et al., 2010), we examined H3K36me3 accu-
mulation in coding regions of the four selected genes. 
While H3K36me3 is enriched in all four genes, it is largely 
abolished in sdg8 mutant (Figure  6B), consistently with 
previous findings that H3K36me3 is globally reduced in 
sdg8 mutant (Zhao et al., 2005; Xu et al., 2008).
DISCUSSION
In this study, we revealed the function of SDG8, a H3K36 
HKMT, in BR-regulated gene expression and BR response 
in Arabidopsis. We provided evidence to show that SDG8 is 
recruited to BR target genes by interacting with both BES1 
and IWS1. Genetics studies indicated that SDG8 is required 
for BR-regulated growth as sdg8 mutant has much reduced 
growth and compromised BR responses. Our global gene 
expression study supports a complex role of SDG8 and its 
corresponding H3K36 methylation in BR-regulated gene 
expression. It also provides previous unknown functions 
of H3K36 methylation in the hormonal regulation of gene 
expression.
Our global gene expression study demonstrated that 
SDG8 plays a critical role in BR-regulated gene expression 
because only about 10% of BR-regulated genes are still 
regulated by the hormone in sdg8 mutant and more than 
half of BR-regulated genes are affected in sdg8 mutant 
(Figure  4). We also examined ~4500 BES1 and BZR1 tar-
get genes identified by ChIP-chip (Sun et  al., 2010; Yu 
et al., 2011) and found that about 40% are either up- or 
down-regulated in sdg8 (Supplemental Figure  4), which 
reinforces the idea that SDG8 affects BR target gene 
expression.
The function of SDG8 in BR-regulated gene expres-
sion appears to be mediated by its interaction with BES1, a 
transcription factor mediating BR-regulated gene expres-
sion (Yin et al., 2002, 2005; Yu et al., 2011). The results raise 
the possibility that BR signaling functions to recruit SDG8 
to target genes to modulate BR-regulated gene expres-
sion. Consistently with the finding in human cells that 
IWS1 interacts with H3K36 HMT HYPB/Setd2 to form a pro-
tein complex (Yoh et al., 2008), we found that Arabidopsis 
IWS1, previously shown to be involved in modulating 
BR-regulated gene expression (Li et al., 2010), also inter-
acts with SDG8. Interestingly, the interaction between 
IWS1 and SDG8 is partially mediated through CW domain 
in SDG8 (Figure  1). The CW domain of SDG8 recognizes 
H3K4 methylation (He et al., 2010; Hoppmann et al., 2011). 
It is possible that the CW domain of SDG8 (implicated in 
H3K36 methylation) can both recognize another histone 
mark (H3K4 methylation) and interact with different pro-
teins involved in gene expression, consistently with the 
notion that combination of modifications (histone code) 
dictates specific gene expression and biological processes 
(Shafiq et al., 2014).
Another interesting observation from the gene 
expression study is that 4240 genes are up-regulated and 
4078 are down-regulated in sdg8 mutant. It was also found 
Figure 2 SDG8 Interacts with BES1 in Plants as Revealed by 
BiFC Assays in Tobacco Leaves.
(A, B) Co-expression with 35S:SDG8:cYFP and 35S:BES1:nYFP led to 
the reconstitution of YFP activity in the nuclei.
(C) Co-expression of 35S:SDG8:cYFP and 35S:nYFP showed a lower 
level of fluorescence with less frequency compared with (A) 
and (B).
(D) Co-expression of 35S:cYFP and 35S:BES1:nYFP did not produce 
any positive signals.
For each panel (A)–(D), YFP fluorescence (left), bright-field dif-
ferential interference contrast (DIC, middle), and overlay images 
(right) were observed with a confocal microscope. The YFP signals 
are indicated by arrows. The bar in each image represents 20 μm. 
The experiments were repeated three times, with similar results.
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that many seed-related genes are up-regulated in sdg8 
mutant, although it is not known whether these up-regu-
lated genes are directly or indirectly affected by SDG8 (Tang 
et al., 2012). Similarly, both BR-induced and BR-repressed 
genes are affected in the sdg8 mutants (Figure 4B). Since 
H3K36 trimethylation is generally believed to be involved 
in gene activation, the large number of genes up-reg-
ulated in sdg8 mutant may be caused by the pleiotropic 
phenotypes of the mutant. Alternatively, SDG8 may be 
involved in transcriptional repression through functions 
either related or unrelated to H3K36 methylation. This 
possibility is supported by the fact that, among H3K36 
target genes on chromosome 4 (Roudier et al., 2011), 396 
are up-regulated and 475 are down-regulated in sdg8 
mutant (Supplemental Figure  5). Further genomic and 
functional studies can help distinguish between these two 
possibilities.
Our gene expression analysis also provides a more 
complete picture on the phenotype of sdg8 mutant. Some 
BR-induced (Group A) genes are down-regulated and some 
BR-repressed genes (Group D) are up-regulated in sdg8 
mutant, which predicts a reduced BR-regulated growth. On 
Figure 3 SDG8 Knockout Mutant Plants Show Altered BR Response Phenotypes.
(A) sdg8 mutant plants display a reduced growth phenotype. Three-week-old plants are shown. The bar represents 2 cm.
(B) sdg8 mutant plants have a dwarf phenotype with reduced inflorescence stems. Mature plants are shown. The bar represents 5 cm.
(C) sdg8 and iws1 mutants are hypersensitive to BR biosynthesis inhibitor brassinazole (BRZ). Hypocotyl elongation assay with 5-day-old 
dark-grown seedlings of WT, sdg8, and iws1 grown on half-strength MS medium with 0, 100, or 1000 nm BRZ.
(D) sdg8 and iws1 mutants have reduced BR response. Hypocotyl elongation assay with 7-day-old light-grown seedlings of WT, sdg8 grown 
on half-strength MS medium with 0 or 100 nm BL. In (C) and (D), averages and standard deviations were calculated from 10–20 samples. The 
significance of difference between mutant and WT at each concentration was determined by student’s t-test: ** P < 0.01 and *** P < 0.001.
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the other hand, some other BR-induced (Group B) genes are 
up-regulated and some BR-repressed genes (Group C) are 
down-regulated in sdg8 mutant, which should lead to con-
stitutive BR responses in the mutant. The sdg8 phenotype 
thus may represent the combined effects of all four groups 
of BR-regulated genes. The fact that more cell elongation-
related genes are reduced in sdg8 mutant than those up-reg-
ulated in the mutant (Table 1) explains the overall reduced 
growth phenotype and BR responses of sdg8 (Figure 3).
In summary, our genetic and genomic studies pro-
vide evidence that SDG8 is implicated in BR-regulated 
gene expression and BR responses. The results suggest that 
BR-regulated transcription factors such as BES1 recruit many 
general transcription regulators including those implicated 
in chromatin modifications (REF6, IWS1, and SDG8) to con-
trol BR-regulated gene expression. Our results also indicate a 
complex and critical role of SDG8 and H3K36 methylation in 
hormone regulation of gene expression. Further functional 
characterization of SDG8 in BR-regulated gene expression 
and its regulation should facilitate the understanding on 
how chromatin modifications and hormone signaling inter-
act in the regulation of plant growth and development.
METHODS
Plant Materials Growth Conditions
Arabidopsis thaliana ecotype Columbia (Col-0) was used 
as the WT control. T-DNA knockout mutants sdg8 and 
iws1 were obtained from ABRC (Arabidopsis Biological 
Resource Center), corresponding to lines SALK_036941 and 
SALK_056238, respectively (Alonso et al., 2003). The seeds 
were germinated and grown on half-strength MS plates 
for 10 d before being transferred to soil and grown under 
long-day conditions (16-h light/8-h dark) at 22°C.
Hypocotyl Length Assays
BRZ and BL (Wako Chemicals USA, Inc.) were added to the 
half-strength MS agar medium. The seeds were germinated 
and grown on the medium for 5 d in the dark (BRZ response) 
or under light (BL response). The average hypocotyl lengths 
were calculated using 10–20 samples. The experiments have 
been repeated at least three times, with similar results.
Plasmid Construction
All primers used in this study are listed in Supplemental 
Table  6. For recombinant protein and GST pull-down 
assays, SDG8 coding regions were amplified from Col-0 
cDNA and incorporated into the pET42a(+) (Novagen). 
IWS1, BES1, and various deletion constructs were cloned 
into pETMALc–H vector to generate MBP-fusion proteins.
Yeast Two-Hybrid and LacZ Assays
Matchmaker two-hybrid system (Clontech) was used to 
test protein–protein interactions. Yeast strain Y187 (MATα, 
Figure 4 SDG8 Is Involved in BR-Regulated Gene Expression.
(A) BR-regulated gene expression is compromised in sdg8 mutants. Global gene expression profiles were determined with WT and sdg8 
mutants treated with or without BL by RNA-seq. Differentially expressed genes were identified by statistical analysis (see the ‘Methods’ 
section). The overlaps among BR-induced genes in WT (2678, Supplemental Table  1), BR-repressed genes in WT (2376, Supplemental 
Table 2), and BR-regulated genes in sdg8 (676, Supplemental Table 3) are analyzed using the Venny program (http://bioinfogp.cnb.csic.es/
tools/venny/index.html).
(B) BR-regulated genes significantly overlap with genes affected in sdg8 mutant. Overlaps among BR-regulated genes and genes up-
regulated in sdg8 (4240, Supplemental Table 4) or down-regulated in sdg8 (4078, Supplemental Table 5) are analyzed. BR-induced genes 
that are down-regulated in sdg8 (550) are designated as Group A (A). BR-induced genes that are up-regulated in sdg8 (794) are designated 
as Group A (B). BR-repressed genes that are down-regulated in sdg8 (851) are designated as Group C (C). BR-repressed genes that are up-
regulated in sdg8 (401) are designated as Group D (D).
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ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112, gal4Δ, 
met-, gal80Δ, MEL1, URA3::GAL1UAS–GAL1TATA-lacZ) 
transformed with bait (pGBKT7) and prey (pGADT7) con-
structs was grown in media lacking Trp and Leu. The inter-
actions between proteins were detected by LacZ reporter 
assay using X-gal (5-bromo-4-chloro-3-indolyl-b-Dgalacto-
pyranoside; Sigma).
GST Pull-Down Assays
SDG8 fragments fused with GST were cloned into pET42a 
and purified with glutathione agarose beads (Sigma). 
IWS1, BES1, and their fragments fused with MBP were puri-
fied with amylose resin (NEB). GST pull-down assays were 
performed as described (Yin et al., 2002). The pull-down 
products were detected by Western blotting using anti-
body against MBP (NEB). Pull-down assays were repeated 
twice, with similar results.
BiFC Assays
The constructs of N- or C-terminus of EYFP were described 
previously (Yu et al., 2008). The coding regions of IWS1 and 
BES1 were subcloned in-frame upstream of the nYFP vec-
tor. The full-length coding region of SDG8 (Xu et al., 2008) 
was subcloned in-frame into cYFP vector. All constructs 
were confirmed by DNA sequencing and transformed into 
Agrobacterium tumefaciens strain GV3101.
Cultures of A. tumefaciens strain GV3101 were grown 
overnight in TY medium containing 200  μM acetosyrin-
gone, and afterwards washed with infiltration medium 
(1/2 MS medium, pH 5.6) and re-suspended to an OD600 
of 0.5 with 200 μM acetosyringone. Agrobacterium carry-
ing nYFP and cYFP constructs were mixed in equal ratios 
along with Agrobacteria expressing p19 protein of tomato 
bushy stunt virus to suppress gene silencing (Voinnet et al., 
2003). The Agrobacterium mixtures were infiltrated into 
Figure 5 BR-Regulated Genes Are Differentially Affected in sdg8 Mutant.
Heatmaps of BR-regulated genes in WT and sdg8 mutant treated with or without BRs. Four groups of BR-regulated genes (A, B, C, and 
D) defined in Figure 4B were used to generate the heatmaps. For each gene, average reads per million (RPM) were used for the heatmap 
plotting. Note that the RPM data were log2-scaled to the same level between genes.
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the lower surface of Nicotiana benthamiana leaves and 
infiltrated areas were examined for YFP signals 3 d post 
infiltration. Detection of YFP was performed using a Leica 
SP5 X MP confocal microscope equipped with an HCS PL 
APO CS 20.0 × 0.70 oil objective. YFP was excited with a 
514-nm laser line and detected from 530 to 560 nm. Images 
were acquired with LAS AF software (Leica Microsystems) 
using identical settings for all samples.
RNA-Seq and Data Analysis
Two biological replications of sdg8 and the WT control 
plants were grown in soil under long-day conditions for 
4 weeks, after which time they were sprayed with either 
1000 nm BL in water with 0.1% Triton or water with 0.1% 
Triton only. Three hours after treatment, duplicate samples 
were collected and processed for RNA extraction. Total 
RNA was extracted and purified from rosette leaves of dif-
ferent genotypes and treatments using the RNeasy Mini Kit 
(Qiagen) with on-column DNase digestion, following the 
manufacturer’s instructions.
Following RNA high-throughput sequencing on an 
Illumina instrument, raw RNA-seq reads were subjected 
to quality checking and trimming and then aligned to the 
Arabidopsis reference genome (TAIR10) using the Genomic 
Short-read Nucleotide Alignment Program (GSNAP) (Wu 
and Nacu, 2010). The alignment coordinates of uniquely 
aligned reads from each sample were used to calculate the 
number of reads per annotated gene. These values were 
used to detect differential expression. The negative bino-
mial QLSpline method as implemented in the QuasiSeq 
package (http://cran.r-project.org/web/packages/QuasiSeq) 
was used to compute a p-value for each gene having a 
minimum of one average read across all the samples in the 
comparison. The 0.75 quantile of reads from each sample 
was used as the normalization factor (Bullard et al., 2010). 
Adjusted q-values were generated from p-values using an 
approach that controls for multiple testing (Benjamini and 
Hochberg, 1995; Nettleton et al., 2006). To control the false 
discovery rate at the 5% level, genes with q-values smaller 
than 0.05 were considered to be differentially expressed. 
Average reads per million (RPM) for each gene were used 
to generate heatmaps using the Heatplus package (www.
bioconductor.org/packages/2.12/bioc/html/Heatplus.html), 
in which average RPM were scaled to the same level across 
genes and plotted using a log2 scale. The GO analysis was 
performed as previously described (Li et al., 2010; Yu et al., 
2011).
Table 1 Expression Levels of Cell Elongation-Related Genes in WT and sdg8 Mutant.
Gene no. Gene name WT WT + BR sdg8 sdg8 + BR
BR-repressed and 
down-regulated in 
sdg8
AT5G65730 Xth6 95.8 64.0 49.7 36.7
AT4G30270 Xth24 136.8 52.7 82.5 39.1
AT5G57550 Xth25 6.5 1.6 2.6 1.0
AT2G01850 Exta3 166.0 118.2 138.5 100.9
BR-induced and 
down-regulated in 
sdg8
AT1G69530 Expansin A1 391.2 465.5 186.8 354.9
AT1G20190 Expansin 11 19.7 36.2 9.8 19.7
AT3G29030 Expansin A5 82.4 116.1 45.4 76.6
AT3G45970 Expansin-like A1 25.3 36.3 9.0 12.4
AT4G37800 Xth7 102.4 147.2 44.5 69.6
AT1G11545 Xth8 24.7 50.0 17.6 42.6
AT3G23730 Xth16 36.1 46.4 28.6 48.0
AT1G65310 Xth17 2.0 6.6 0.9 5.0
AT4G38400 Expansin-like A2 8.6 18.9 5.3 12.8
AT2G06850 Xth4 189.7 379.0 108.3 249.2
AT3G44990 Xtr8 11.2 15.9 7.6 10.0
AT1G10550 Xet33 1.8 4.4 0.7 1.6
AT3G07010 Pectin lyase-like superfamily protein 48.2 83.3 34.7 68.9
AT4G24780 Pectin lyase-like superfamily protein 121.7 199.4 96.3 160.3
AT5G48900 Pectin lyase-like superfamily protein 30.7 45.8 22.9 32.2
AT2G20750 Expansin B1 1.2 2.3 2.5 2.4
BR-induced and 
up-regulated in sdg8
AT4G30290 Xth19 5.5 31.2 8.0 34.5
AT1G67750 Pectate lyase family protein 28.9 66.1 42.5 73.4
AT3G27400 Pectin lyase-like superfamily protein 11.8 19.3 20.7 29.5
AT3G53190 Pectin lyase-like superfamily protein 37.5 48.2 67.2 66.3
The gene expression levels (RPM) are from RNA-seq data. The averages from two replicates are shown. The standard deviations are not shown.
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ChIP–PCR
For ChIP–PCR experiments, the sdg8 and the WT control 
plants were grown together on soil under long-day condi-
tions for 4 weeks and the rosette leaves were used for ChIP. 
ChIP using anti-trimethyl-H3K36 (ab9050) from abcam 
(www.abcam.com) was performed as previously described 
(Li et al., 2010; Yu et al., 2011).
SUPPLEMENTARY DATA
Supplementary Data are available at Molecular Plant 
Online.
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Brassinosteroids (BRs) regulate plant growth and stress responses via the BES1/BZR1 family
of transcription factors, which regulate the expression of thousands of downstream genes.
BRs are involved in the response to drought, however the mechanistic understanding of
interactions between BR signalling and drought response remains to be established. Here we
show that transcription factor RD26 mediates crosstalk between drought and BR signalling.
When overexpressed, BES1 target gene RD26 can inhibit BR-regulated growth. Global gene
expression studies suggest that RD26 can act antagonistically to BR to regulate the
expression of a subset of BES1-regulated genes, thereby inhibiting BR function. We show that
RD26 can interact with BES1 protein and antagonize BES1 transcriptional activity on BR-
regulated genes and that BR signalling can also repress expression of RD26
and its homologues and inhibit drought responses. Our results thus reveal a mechanism
coordinating plant growth and drought tolerance.
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Brassinosteroids (BRs) are a group of plant steroid hormonesregulating plant growth, development and responses tobiotic and abiotic stresses1,2. Over the past two decades,
the main components of the BR signalling pathway have
been identified and characterized3–22. BR signalling leads to
the accumulation of BES1/BZR1 (BRI1 EMS SUPPRESSOR
1/BRASSINAZOLE RESISTANT 1) family transcription factors
in the nucleus to control the expression of target genes for BR
responses23–28.
Several studies indicated that treatment of exogenous BRs
could enhance the tolerance of plants to drought1,29,30. However,
BR-deficient mutants were reported to have an enhanced tole-
rance to drought31–33, suggesting an inhibitory effect of
BRs on drought tolerance. These early studies imply complex
relationships between BR-regulated growth and drought respo-
nses. Several transcription factors, including drought-induced
transcription factor RD26 (RESPONSIVE TO DESICCATION
26) and several of its close homologues, have been identified as
the direct targets of BES1 and BZR1 (refs 23,24), suggesting that
these proteins may play important roles in interactions between
BR and drought pathways.
RD26 belongs to the NAC (No apical meristem, Arabidopsis
transcription activation factor and cup-shaped cotyledon) family
of transcription factors, which are induced by drought, abscisic
acid, NaCl and jasmonic acid34–37. Reporter gene expression
studies showed that RD26 is expressed constitutively in both
shoots and roots upon drought or salt stress treatments38,39.
RD26 and its homologues function to promote drought-
responsive gene expression and increase plant drought
tolerance35. Recent studies showed that RD26 and its
homologues, ANAC019 and ANAC055, are involved in plant
bacterial pathogenesis, jasmonic acid-mediated defence and
thermotolerance37–42.
In this study, we confirmed that RD26 is a target gene of BES1
and negatively regulates the BR signalling pathway. RD26 affects
BR-regulated gene expression when overexpressed globally by
binding and antagonizing BES1 transcriptional activities. Loss-
of-function mutants in the BR signalling pathway had higher
drought tolerance, while gain-of-function mutants in the BR
pathway exhibited lower drought tolerance compared with wild
type (WT). These results suggest that RD26 inhibits BR-regulated
plant growth and the BR pathway also negatively regulates drought
tolerance, establishing a mechanism for crosstalk between these
two important pathways for plant growth and stress responses.
Results
RD26 is a negative regulator of the BR signalling pathway.
Previous ChIP–chip studies indicated that RD26 was a target of
BES1 and BZR1, and its expression was repressed by BL (bras-
sinolide, the most active BR), BES1 and BZR1 (refs 23,24). Since
BES1 and BZR1 can bind to BRRE to repress gene expression, we
examined the RD26 gene promoter and found a BRRE site at
nucleotide position ! 851 relative to the transcriptional start site.
Chromatin immunoprecipitation (ChIP) experiments showed
that BES1 binds to the BRRE site in vivo, with more binding in
bes1-D in which BES1 protein accumulates than in WT plants
(Supplementary Fig. 1a). RD26 expression was reduced by BL in
WT plants and was repressed in bes1-D (Supplementary Fig. 1b).
These results confirm that RD26 is a target of BES1, and its
expression is repressed by BL through BES1.
Our previous result indicated that the loss-of-function rd26
mutant has a small increase in BR response23, suggesting that
RD26 functions with its homologues to inhibit BR response.
To confirm this hypothesis, we generated RD26 overexpre-
ssion transgenic lines. RD26-overexpressing plants (RD26OX)
displayed a stunted growth phenotype, the severities of which
correspond well with RD26 protein levels (Fig. 1a). Moreover,
the RD26OX transgenic plants could suppress the phenotype of
bes1-D, a gain-of-function mutant in the BR pathway (Fig. 1b).
Western blotting indicated that BES1 protein levels and phos-
phorylation status did not change significantly in bes1-D RD26OX
double mutant (Fig. 1c). These results suggest that RD26
functions downstream of BES1 to inhibit BR-mediated growth.
To confirm that the RD26OX phenotype is related to reduced
BR response, we determined its response to BL and to the BR
biosynthesis inhibitor brassinazole (BRZ), which reduces endo-
genous BR levels43. RD26 overexpression plants have reduced
response to BL in hypocotyl elongation assays (Fig. 1d). Likewise,
RD26OX seedlings had shorter hypocotyls and were more
sensitive to BRZ compared with Col-0 WT (Fig. 1e). Several
RD26 homologues, ANAC019, ANAC055 and ANAC102, are
also BES1 and/or BZR1 direct targets, and are repressed by
BRs likely functioning redundantly in BR responses23,24. We
generated quadruple mutant of rd26 anac019 anac055 anac102.
The quadruple mutant has a BR-response phenotype and showed
increased response to BL (especially at 100 nM BL) compared
with WT (Fig. 1d). The rd26 anac019 anac055 anac102 quadruple
mutant is less sensitive to BRZ, especially at higher concen-
trations (Fig. 1e and Supplementary Fig.1c). The genetic evidence
demonstrates that RD26 and its close homologues play a negative
role in the BR signalling pathway.
RD26 negatively regulates BR-responsive genes. To determine
whether the strong phenotype of RD26OX plants is indeed related
to BR response, we examined several known BR-induced genes by
quantitative PCR (qPCR; Supplementary Fig. 2a). In general,
many BR-induced genes we tested are downregulated in RD26OX,
including genes involved in BR-regulated cell elongation (TCH4
and EXPL2), supporting a role of RD26 in modulating
BR-regulated gene expression and plant growth. To more fully
understand how RD26 negatively regulates BR responses,
we performed global gene expression studies with RD26 mutants
in the absence or presence of BRs by high-throughput
RNA-sequencing (RNA-seq). We used 4-week-old adult plants
for gene expression studies because RD26OX plants display the
most obvious growth phenotype at this stage. In WT, 2,678 genes
were induced and 2,376 genes were repressed by BL, among
B22,000 genes analysed (Fig. 2 and Supplementary Data 1
and 2), as we previously reported44. The BR-regulated genes from
our RNA-seq analysis in adult plants have significant overlaps
(B43%) with previous microarray analyses of BR-regulated genes
in either seedlings or adult plants (Supplementary Data 3 and 4
and Supplementary Fig. 2b)24,45–49. Consistent with the strong
phenotype of RD26OX plants, 3,246 genes are upregulated and
5,479 genes are downregulated in the transgenic plants,
respectively (Fig. 2 and Supplementary Data 5 and 6).
To explore how RD26 affects BR-regulated gene expression, we
examined the overlaps between BR-regulated genes and genes
affected in RD26OX plants by performing clustering analysis with
specific gene groups. RD26 modulates BR-responsive genes in
complex ways (Fig. 2 and Supplementary Fig. 3). Consistent with
the negative role of RD26 in BR response, 43% (1,141, Group 1)
of BR-induced genes were downregulated in RD26OX plants and
their induction by BRs was reduced, but not abolished (Fig. 2a,b).
In contrast, only 20% (539, Group 3) of BR-induced genes were
upregulated in RD26OX (Fig. 2a and Supplementary Fig. 3a).
These results suggest that RD26 negatively modulates a
significant portion of BR-induced genes.
On the other hand, among 2,376 BR-repressed genes, 595
(25%, Group 2) were upregulated and 823 (35%, Group 4) were
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downregulated in RD26OX plants (Fig. 2c,d and Supplementary
Fig. 3b). While Group 3 and Group 4 genes suggest a positive
role for RD26 in BR response (that is, BR-induced genes are
upregulated and BR-repressed genes are downregulated in
RD26OX), Group 1 and Group 2 genes demonstrated a negative
role of RD26 in BR response (BR-induced genes are down-
regulated and BR-repressed genes are upregulated in RD26OX).
In this study, we focus on the Group 1 and Group 2 genes to
determine the mechanisms by which RD26 negatively regulates
BR responses.
Consistent with the relatively weak BR-response phenotype of
the rd26 anac019 anac055 anac102 mutant, only 405 genes are
upregulated and 378 are downregulated in rd26 anac019 anac055
anac102 quadruple mutant (Supplementary Fig. 4 and Supple-
mentary Data 7 and 8). We further compared BR-regulated genes
and genes affected in RD26OX and the rd26 anac019 anac055
anac102 mutant (Supplementary Fig. 5a,b). Four subgroups are
subjected to further clustering analysis: BR-induced genes that are
downregulated in RD26OX and upregulated in the quadruple
mutant (36, Supplementary Fig. 5c); BR-induced genes that are
upregulated in RD26OX and downregulated in the quadruple
mutant (15, Supplementary Fig. 5e); BR-repressed genes that are
upregulated in RD26OX and downregulated in the quadruple
mutant (44, Supplementary Fig. 5d); and BR-repressed genes that
are downregulated in RD26OX and upregulated in the quadruple
mutant (19, Supplementary Fig. 5f). Most of these genes are
affected in opposite ways in the rd26 anac019 anac055 anac102
mutant and RD26OX. These results support the conclusion that
RD26 and its homologues function in a complex way to modulate
BR-regulated gene expression.
RD26 and BES1 differentially control BR-regulated genes.
Previous studies indicated that both BES1 and BZR1 can bind to
the BRRE site or E-boxes to inhibit or activate gene expression,
respectively23,24. We examined the Group 1 and Group 2 gene
promoters and found that BRRE elements are especially enriched
in Group 2 gene promoters (Supplementary Fig. 6a and
Supplementary Table 1) and E-boxes (CANNTG, especially a
specific E-box CATGTG in BR-induced gene promoters28) are
enriched in Group 1 gene promoters (Supplementary Fig. 6b,c
and Supplementary Table 1), within 500 base pairs (bp) relative to
the transcriptional start sites. The differential enrichments within
! 500 bp promoter regions are significant as most BES1- and
BZR1-binding sites are located in the region as revealed by
genome-wide ChIP–chip studies23,24. We selected several gene
promoters from Group 1 and Group 2 and fused with luciferase
(LUC) gene to generate reporter constructs. BES1, RD26 or BES1
plus RD26 were co-expressed with the reporter constructs and the
reporter gene expression was determined. While BES1 repressed
and RD26 activated the expression of Group 2 genes, the reporter
gene expression level was in between when BES1 and RD26 were
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Figure 1 | RD26 functions as a negative regulator in the BR signalling pathway. (a) The phenotype of 4-week-old RD26 overexpression (RD26OX) plants.
The stunted growth phenotype of RD26OX plant (upper) is correlated with the protein level of RD26 transgene (lower panel) examined by western blotting.
T3 homozygous plants were used in the experiments and the phenotypes have been stable for many generations after T3. Scale bar, 1 cm. (b) RD26OX
suppressed bes1-D phenotype. Four-week-old plants of bes1-D and bes1-D RD26OX double mutants are shown. Scale bar, 1 cm. The average petiole length of
the sixth leaves and s.d. are indicated (n¼ 10). (c) BES1 protein levels and phosphorylation status did not change in bes1-D RD26OX (right lane) compared
with RD26OX (left lane) as shown by a western blot (left panel). A loading control with HERK1 is also shown (right panel). (d) The hypocotyl lengths of 10-
day-old light-grown seedlings in the absence or presence of different concentrations of BL. Error bars represent s.d. (n¼ 5–10). The experiments were
repeated twice with similar results. (e) The hypocotyl lengths of 5-day-old dark-grown seedlings in the absence or presence of different concentrations of
BRZ. Error bars represent s.d. (n¼ 10–15). The experiments were repeated three times with similar results. Significant differences were based on Student’s
t-test (**Po0.01; *Po0.05), which is applied to all other experiments in this study. Also see Supplementary Fig. 1c.
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co-expressed (Fig. 3a–c). In contrast, BES1 activated and RD26
repressed Group 1 reporter genes, and the expression level fell in
the middle when RD26 and BES1 were co-expressed (Fig. 3d–f).
These results indicated that RD26 acts to antagonize BES1 actions
on these BR-regulated genes.
To reveal the mechanisms by which RD26 inhibits the large
number of BR-induced genes (Group 1, Fig. 2b) and upregulates
many BR-repressed genes (Group 2, Fig. 2d), we chose one gene
representative of each group for further mechanistic studies.
A BR-repressed gene, At4g18010, was chosen to represent
Group 2 genes because it is upregulated in RD26OX and its
promoter contains a BRRE site at ! 405 bp relative to the
transcription start site (Supplementary Fig. 7a). Likewise, A BR-
induced gene At4g00360 was chosen to represent Group 1 genes
as its promoter contains a well-established BES1-binding site,
CATGTG E-box, at nucleotide ! 470 (Supplementary Fig. 7b).
To confirm the antagonistic effect of RD26 on BES1-mediated
gene expression observed by LUC reporter gene assays, we
examined the expression of these two genes in bes1-D, RD26OX
and bes1-D RD26OX plants, in which BES1, RD26 or both are
increased. As shown in Fig. 3g, the expression of At4g18010 was
downregulated in bes1-D and upregulated in RD26OX, but the
expression level was in between in bes1-D RD26OX double
mutant. In contrast, the expression of At4g00360 was much
higher in bes1-D compared with bes1-D RD26OX, while its
expression was significantly repressed in RD26OX (Fig. 3h).
RD26 and BES1 bind to promoters simultaneously. Previous
DNA-binding experiments showed that NAC transcription
factors including RD26 (ANAC072) and ANC019 could bind to
DNA sequences with two motifs—CATGT(G) and a CACG
core spaced by varying numbers of nucleotides35,41,42. The
NAC-binding sites are very similar to E-box (CANNTG)
or conserved core sequence of the BRRE site (CGTGT/CG),
well-established binding sites for BES1/BZR1 (refs 23,24). These
results suggest that RD26 and BES1 could potentially bind to the
same site to modulate BR-regulated gene expression.
We first used yeast one-hybrid assays to test whether BES1 and
RD26 can target to the same promoter fragments (Fig. 4). We
fused several fragments of the At4g18010 promoter (-P1, -P2 and
-P3, with BRRE located in P3) and At4g00360 promoter (-P1, -P2
and -P3, with CACGTG E-box located in P3) to pLacZi reporter
(Clontech Inc.) and integrated them into the yeast genome
(Fig. 4a). Mutants were also generated in which At4g18010-P3
BRRE and At4g00360-P3 E-box were mutated to unrelated
sequences (see Fig. 5a). BES1 (with pGBKT7 vector), RD26
(with pGADT7 vector) or both BES1 and RD26 were expressed in
each of the reporter yeast strain and the LacZ expression was
determined. As shown in Fig. 4b, while neither BES1 nor RD26
significantly changed the gene expression from At4g18010-P3,
co-expression of BES1 and RD26 activated the reporter gene
expression. It is worth noting that the fusion of the GAL4
activation domain in pGADT7 to RD26 apparently changed
RD26 property in yeast to become an activator in combination
with BES1 (compared with the result from plants in Fig. 3), which
is necessary to detect BES1/RD26 interaction in yeast. Moreover,
mutation of the BRRE in At4g18010-P3 completely abolished the
activation (Fig. 4b). The results demonstrated that BES1 and
RD26 act through the BRRE site in the At4g18010-P3 promoter
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fragment. Similarly, co-expression of BES1 and RD26 activated
At4g00360-P3 reporter, which is much reduced when the
CATGTG E-box is mutated, indicating that BES1 and RD26 act
through the CATGTG E-box in At4g00360-P3 (Fig. 4c) to
regulate gene expression.
We also performed ChIP assays with WT and RD26OX
transgenic plants, with BES1 antibody23 or RD26 antibodies we
generated (Supplementary Fig. 8). While BES1 itself binds to the
At4g18010 promoter (P3) in WT plants, such binding is
enhanced in RD26OX plants (Fig. 4d, columns 3 and 4),
suggesting that BES1 and RD26 together enhance binding to
the promoter region. Consistent with the result that RD26
antibody detects RD26 in RD26OX but not in WT plants
(Supplementary Fig. 8a,b), RD26 binding to the At4g18010
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Figure 3 | RD26 inhibits BES1 transcriptional activity. (a–f) Transient gene expression assays were performed in tobacco leaves with indicated gene
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promoter (P3) in RD26OX was strongly apparent but barely
detectable in WT (Fig. 4d, columns 5 and 6). In contrast, such
cooperative binding is not detected in the more upstream
promoter region (Fig. 4d, columns 9–12).
To confirm that BES1 and RD26 can bind to the same
promoter regions at the same time, we also performed ChIP–
reChIP with chromatin prepared from RD26OX, rd26 anac019
anac055 anac102 (rdQ) or BES1 RNAi plants in which the BES1
level is reduced27 (Supplementary Fig. 9). When the first ChIP
was performed with anti-BES1 antibody and eluted chromatin
samples were then immunoprecipitated with anti-RD26 or IgG
control, significant enrichment of BES1/RD26 binding was
detected in RD26OX plants, which is clearly reduced in rdQ
mutant, and moderately reduced in BES1RNAi plants with two
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pairs of independent qPCR primers (Supplementary Fig. 9a,b).
Similar results were obtained when the first ChIP was performed
with anti-RD26 antibody and reChIP with anti-BES1 (Supple-
mentary Fig. 9c). These results suggest that BES1 and RD26 can
simultaneously bind to the At4g18010 gene promoter in vivo.
To further reveal the biochemical mechanisms by which RD26
antagonizes BES1 actions, electrophoretic mobility shift assay
(EMSA) experiments were performed with recombinant BES1
and RD26 proteins using DNA probes containing BRRE (from
At4g18010) or CATGTG E-box (from At4g00360; Fig. 5a and
Supplementary Fig. 10). While BES1 binds to BRRE (CGTGTG)
from At4g18010 quite strongly, RD26 binds to the probe more
weakly; moreover, both bindings were abolished with mutant
probe in which BRRE is mutated (Fig. 5b). Interestingly, BES1
and RD26 together can bind to the BRRE probe more strongly,
and the binding is also abolished when the BRRE site is mutated
(Fig. 5b). Similar results were obtained with probe containing
CATGTG E-box from At4g00360. While RD26 and BES1 can
each bind to E-box site separately, RD26 and BES1 synergistically
bind to WT but not mutated E-box probe (Fig. 5c). Since BES1
(335 aa) and RD26 (298 aa) are similar in predicted protein sizes,
the strong bands when both proteins are present more likely
represent heterodimer of the two proteins, while each of them
likely bind to the probe as homodimer. Taken together, the DNA
binding and gene expression results suggest that RD26 interacts
with BES1 on BRRE site to inhibit BES1’s repression function
(Fig. 5d) and on E-box to inhibit BES1’s activation function
(Fig. 5e).
The yeast one-hybrid and DNA-binding experiments described
above suggest that BES1 and RD26 may be able to interact with
each other. To test this hypothesis, we expressed full-length or
truncated BES1 with MBP, and RD26 and truncations with
Glutathione S-transferase tag, respectively (Fig. 6a). Glutathione
S-transferase pull-down assays indicated that full-length
RD26 could interact with full-length BES1 protein (Fig. 6b).
The domains involved in DNA binding/dimerization of BES1
(aa 1–89) and RD26 (aa 1–140) are sufficient for the interaction
(Fig. 6c). Split Luciferase (Luc) assay was used to test whether
RD26 and BES1 interact in plants50. RD26 was fused with the
amino part of Luc (NLuc) and BES1 was fused with carboxyl-part
of Luc (CLuc), respectively (Fig. 6d). Co-expression of RD26-
NLuc and CLuc-BES1 in tobacco leaves led to increased Luc
activity, while co-expression of controls (RD26-NLuc with CLuc
or CLuc-BES1 with NLuc) only produced background-level
activities (Fig. 6e).
We further confirmed that BES1 and RD26 interaction in vivo
by co-immunoprecipitation and by BiFC experiments. GFP
antibody (tagged to BES1) can specifically pull down RD26-
MYC co-expressed in tobacco leaves (Fig. 6f). In BiFC assays,
co-expression of BES1-YFPN and RD26-YFPC lead to reconstitu-
tion of yellow fluorescence protein (YFP) signal in the nucleus
(Fig. 6g,h), but YFP signals were not observed in BES1-YFPN/
YFPC or YFPN/RD26-YFPC controls (Fig. 6i–l). Taken together,
these results indicated that BES1 and RD26 can interact with each
other through corresponding DNA-binding/dimerization domains
and inhibit each other’s functions on Group 1 and Group 2 genes.
The BR signalling pathway inhibits drought response. Since
BRs function through BES1/BZR1 to repress the expression of
RD26 and its homologues, we tested whether the BR pathway
affects plant drought response. Previous data showed that the
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expression of RD26 was induced by drought29,30,35,38. Drought
induces 2,503 and represses 2,862 genes (combination of 2- and
3-day drought treatment data, Supplementary Data 9 and 10)51.
Analysis of gene expression affected in RD26OX and drought-
regulated genes revealed that RD26 upregulated 38% (963) of
drought-induced genes, but only 12% (346) of drought-repressed
genes; similarly, RD26 downregulated 45% (1299) of drought-
repressed genes, but only 19% (488) of drought-induced genes
(Supplementary Fig. 11). The results suggest that RD26 plays a
major role in plant drought responses.
We also compared BR-regulated genes and drought-regulated
genes and found thatB38% of BR-regulated genes are modulated
by drought (Supplementary Fig. 12). If BR signalling indeed
inhibits drought response, we expect that loss-of-function BR
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mutants have increased, and gain-of-function mutants have
decreased, drought tolerance. BR loss-of-function mutant, bri1-5,
a weak BR receptor mutant52, was exposed to drought stress.
After drought stress and recovery, 50% of bri1-5 mutant plants
survived, compared with 16% for WT (Fig. 7a, top panel). On the
other hand, a gain-of-function mutant in the BR pathway, bes1-D,
showed less drought tolerance. Only 22% of bes1-D mutants
survived, but all of WT controls survived in the drought stress
experiment (Fig. 7a, bottom panel). The drought response
phenotypes were also confirmed in bes1-D in Col-0 back-
ground53 with the same trend (Supplementary Fig. 13).
To test our hypothesis that the BR signalling pathway inhibits
drought response by repressing RD26 and its homologues, the
expression of several drought-induced or drought-related genes
were examined in bri1-5 mutant and bes1-D mutant. Transgenic
plants overexpressing RD26/ANAC072, ANAC019 or ANAC055
could enhance the tolerance to drought stress, suggesting
that RD26 and its homologues ANAC019 and ANAC055 are
involved in drought response19. Reverse transcriptase qPCR
(RT–qPCR) results showed that the expression of all three genes
plus ANAC102 are increased in bri1-5 mutant and decreased in
bes1-D mutant (Fig. 7b). We also examined five other genes
involved in drought tolerance54. All five genes are upregulated in
bri1-5 and downregulated in bes1-D (Fig. 7b). The results
demonstrated that drought response genes are constitutively
expressed in loss-of-function BR mutants and repressed in
gain-of-function BR mutants, confirming that the BR signalling
pathway inhibits drought response, likely by repressing the
expression of RD26 and its homologues.
We examined the double-mutant bes1-D RD26OX and found
that RD26 overexpression can clearly rescue the bes1-D phenotype
in drought response (Supplementary Fig. 14a). Consistent with the
facts that RD26OX suppress bes1-D phenotypes, several bes1-D-
induced genes are downregulated in RD26OX plants (Supple-
mentary Fig. 14b). The expression of these genes is also reduced
in bes1-D RD26OX double-mutant compared with bes1-D (Supple-
mentary Fig. 14b). The gene expression studies support the idea
that RD26 suppresses bes1-D phenotypes.
To further understand the relationships among BES1 and
RD26/its close homologues, we constructed a Gene Regulatory
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Network (GRN) based on gene expression correlations using
BES1, RD26, ANAC019, ANAC055 and ANAC102 as seed genes55.
The GRN showed that RD26 and three of its close homologues
have extensive expression correlations, directly or through other
genes (Fig. 7c). Interestingly, BES1 has relatively fewer
connections to other genes; in addition, the ‘RD26/homo-
logue cluster’ and ‘BES1 cluster’ are connected through only
one gene, BOS1, which was implicated in plant responses to
drought, high salinity and fungal pathogens54,56.
To validate the GRN, we compared the genes in the network
with genes affected in RD26OX, as well as drought- and
BR-regulated genes (Supplementary Fig. 15). Interestingly, 82%
of the 103 genes in the GRN are affected in RD26OX, although
only about one-third of total detected genes are affected in RD26
OX plants. Similarly, 72 and 52% of the genes in the GRN are
either regulated by drought or BRs, despite the fact that only
about one-fourth of total genes are regulated by drought or BRs.
The computationally generated GRN and its validation by
RNA-seq data support the conclusions that (1): there are
close interactions between the BES1-mediated BR pathway and
the drought pathway represented by RD26 and its homologues;
(2) although the interactions between BES1 and RD26 can
happen at a transcriptional level (that is, through BOS1), post-
transcriptional regulations such as protein–protein interaction
between RD26 and BES1 likely play a major role.
Discussion
In this study, we found that the drought-responsive transcription
factor RD26 is a target of BES1 and functions to inhibit BR
responses. Gene expression studies revealed that RD26 and BES1
act antagonistically in the regulation of many BR-regulated genes.
The antagonistic interactions happen at multiple levels. While
BES1/BZR1 functions to repress the expression of RD26 at a
transcription level, the RD26 protein interacts with BES1 and
inhibits its transcriptional activity. Our results thus establish
a molecular link and mechanism of interaction between BR and
drought response pathways (Fig. 8).
Our genetic, genomic, molecular and biochemical results
demonstrated that RD26 functions to inhibit the BR pathway
(Fig. 8). RD26 is induced by drought, promotes drought-regu-
lated gene expression and confers drought tolerance when
overexpressed35,36. Our genetic studies demonstrate that RD26
is a negative regulator of the BR pathway as overexpression of
RD26 leads to reduced plant growth and BR response and
knockout of RD26 and three of its homologues lead to increased
BR response. The relatively weak growth phenotype of rd26
anac019 anac055 anac102 mutant may be explained by additional
family members, which possibly function redundantly in
the inhibition of BR response. The fact that a smaller number
of genes affected in rd26 anac019 anac055 anac102 mutant
compared with RD26OX transgenic plants is consistent this
hypothesis. RD26 and its homologues appear to function as part
of a highly redundant and complex network to confer drought
tolerance and to inhibit plant growth during drought stress.
Global gene expression studies revealed that RD26 functions to
modulate BR-responsive gene expression in a complex manner,
that is, RD26 can either activate or repress both BR-induced and
BR-repressed genes. However, a large number of BR-induced
genes (1,141 or 43% of BR-induced genes identified in this study)
are significantly downregulated in RD26 OX (Group 1, Fig. 2).
Our molecular and biochemical studies suggest that RD26 affects
Group 1 gene expression by binding to the BES1 target site
(E-box) and neutralizing BES1 activation activity, potentially
by forming an inactive heterodimer (Figs 3–5). Likewise, 595
(or 25%) BR-repressed genes are upregulated in RD26OX,
suggesting that BR and RD26 have opposite function on these
genes (Group 2, Fig. 2). Indeed, the molecular and biochemical
evidence suggests that, while BES1 binds to BRRE to repress gene
expression, RD26 can antagonize BES1-mediated gene repression
(Fig. 3). We also provided evidence that BES1 and RD26 protein
can interact with each other in vitro and in vivo (Fig. 6). While
many protein–protein interactions between transcription factors
synergistically activate or repress transcription, our results
suggest that BES1 and RD26 interact and antagonize each
other’s transcriptional activities on Group 1 and Group 2 gene
promoters. Our findings thus reveal a previously unknown
mechanism that two signalling pathways converge on the same
promoter element through two interacting transcription factors to
coordinate plant growth and stress responses. Consistent with our
conclusion, recent ChIP-seq studies showed that RD26 target
gene promoters under abscisic acid treatment are enriched in
G-box sequence (CACGTG, a specialized E-box)57, very similar
to BES1 target sites derived from ChIP–chip study23.
We also observed an inhibitory effect of the BR pathway on
drought response as a loss-of-function BR mutant is resistant to
drought and a gain-of-function mutant of the BR pathway had
compromised drought response. The transcriptional repression of
RD26 and its homologue genes by BRs likely play a major role in
the observed inhibition of drought response by the BR pathway as
the expression of RD26 and its homologues (including ANAC019,
ANAC 055 and ANAC102) are significantly increased in bri1
and decreased in bes1-D (Fig. 7b). While we have provided
experimental evidence that RD26 antagonizes BES1-mediated
gene expression on the BES1 target sites, it remains to be
determined whether BES1 inhibits RD26-mediated gene expres-
sion on RD26-related drought target genes.
We propose that the antagonistic interaction between BES1
and RD26 likely ensures that plant growth is reduced when plants
are under drought stress, under which RD26 and its homologues
are upregulated to inhibit BR-induced growth, thus allowing
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Figure 8 | A model of crosstalk between BR and drought response
pathways. Drought stress induces the expression of RD26 to mediate the
response of plants to drought. Upon the increased expression, RD26 not
only inhibits the expression of BES1 at the mRNA level, but also binds to
E-box and BRRE site to inhibit BES1’s functions in mediating BR-regulated
gene expression (Group I and II genes), which results in the inhibition of BR-
regulated growth. On the other hand, BR signalling represses the expression
of RD26 through BES1 and also directly inhibits the expression of other
drought-related genes to inhibit drought response.
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more resources to deal with the drought stress. On the other
hand, under normal growth conditions, i.e., in the absence of
drought stress, BR signalling represses the drought pathway by
repressing the expression of RD26 and its homologues.
It is worth noting that RD26 and BES1 do not seem to act
antagonistically at all times. For example, 539 BR-induced genes
(20%, Group 3) are upregulated and 823 BR-repressed genes
(35%, Group 4) are downregulated in RD26OX (Supplementary
Fig. 3), indicating that RD26 and BES1 act in a similar manner on
these two groups of genes. It is possible that RD26 and
BES1 target different promoter elements to achieve the positive
interactions between RD26 and BES1. It has been suggested that
at least under some conditions exogenously applied BR can
improve plant drought tolerance58. It is possible that under these
circumstances the Group 2 and Group 4 genes play more
dominant roles than Group 1 and Group 2 genes, which can
potentially allow BR to activate some drought-induced genes and
repress BR-repressed genes and thus promote drought tolerance.
More investigation is needed to better understand the interaction
between RD26 and BES1 on Group 3 and Group 4 genes.
In summary, we have identified RD26 as a molecular link that
coordinates BR and drought responses. We further found that,
while BES1 functions to repress RD26 gene expression, RD26
interacts with BES1 and inhibits BES1 transcriptional activity.
This reciprocal inhibitory mechanism not only ensures that
BR-induced growth is inhibited under drought conditions, but
also prevents unnecessary activation of drought response when
plants undergo BR-induced growth.
Methods
Plant materials and growth condition. T-DNA insertion mutants, rd26
(At4g27410, SALK_063576), anac019 (At1g52890, SALK_096295), anac055
(At3g15500, SALK_014331) and anac102 (At5g63790, SALK_030702) were
obtained from ABRC (Arabidopsis Biological Resource Center). All plants were
grown on 1/2MS plates and/or in soil under long day conditions (16 h light/8 h
dark) at 22 !C. BRZ and BL response experiments were carried out as previous
described59. Briefly, seeds were sterilized with 70% ethanol and 0.1% Triton X-100
for 15min and washed with 100% ethanol three times and dried in filter papers
in a sterile hood. The seeds were sprinkled onto half Linsmaier and Skoog
medium (Caisson Lab) with 0.7% Phytoblend agar (Caisson Lab) and various
concentrations of BRZ (provided by Professor Tadao Asami) or BL (Wako
Biochemical). Both BRZ and BL (1mM stock in dimethylsulphoxide) were added
to medium after autoclave and the plates with seeds were placed at 4 !C for
3 days. After exposing to light for 8 h, the plates were wrapped with three layers
of aluminium foil and incubated in the dark at 25 !C for 5 days for BRZ response
and in the constant light for 7 days for BL response experiments. Hypocotyls were
scanned and measured using Image J (https://imagej.nih.gov/ij/). Ten to fifteen
hypocotyls were measured, and averages and s.d. were calculated and plotted.
Plasmid constructs. For MYC-tagged transgenic plants, RD26 genomic sequence
including its 50 UTR was cloned from WT and fused with MYC tag and CaMV 35S
promoter into pZP211 vector60. For recombinant protein purification, full-length
or fragments of RD26 and BES148-coding regions were cloned into the pETMALc-
H vector61 or pET-42a (Novagen). All primers used in this study are provided in
Supplementary Table 2.
Generation and analysis of transgenic plants. The construct of RD26-MYC
driven by 35S promoter was transformed into Agrobacterium tumefaciens
(stain GV3101), which were used to transform plants by the floral dip method62.
Transgenic lines were selected on 1/2 MS medium plus 60 gml! 1 gentamycin.
Transgene expression was analysed by western blotting with 2 mg anti-c-MYC
(Sigma, C3956) antibody or HERK1 antibody as control. All the uncropped images
for western blots in this study are provided in Supplementary Fig. 16. HERK1
kinase domain49 and full-length RD26 recombinant proteins were expressed
from pETMALc-H and used to generate polyclonal antibody at the Iowa State
University Hybridoma Facility (http://www.biotech.iastate.edu/biotechnology-
service-facilities/hybridoma-facility/). About 2 mg of affinity-purified antibody
was used in each western blotting in 10ml.
Gene expression analysis. For RD26, At4g00360 and At4g18010 gene expression,
total RNA was extracted and purified from 2-week-old plants of different geno-
types using the RNeasy Mini Kit (Qiagen). The Mx4000 multiplex Quantitative
PCR System (Stratagene) and SYBR GREEN PCR Master Mix (Applied
Biosystems) were used in quantitative real-time PCR analysis. For transient
expression, promoters for At4g00360 (1,552 bp) and At4g18010 (1,515 bp),
At1g22400 (1,922 bp), At5g17860 (1,119 bp), At4g14365 (430 bp) and At3g19720
(411 bp) were cloned and used to drive luciferase reporter gene expression. The
BES1-coding region driven by CaMV 35S promoter was cloned into pZP211
vector, while RD26-MYC construct used in transgenic plant generation was also
used in transient experiment. Tobacco leaf transient assay63 was used to examine
the effect of RD26 and BES1 on reporter gene expression either with individual
protein or with combination of BES1 and RD26. Equal amount of Agrobacterium
cells (measured by OD600, adjusted to the same with vector-containing strain) were
injected into the leaves of tobacco. The activities of the luciferase were measured in
total protein extracts from triplicate samples (collected with a 5mm leaf puncher
with same number of leaf discs in each sample) using Berthold Centro LB960
luminometer with the luciferase assay system following the manufacturer’s
instruction (Promega). The relative level of luciferase activity was normalized by
the total amount protein for each sample.
For global gene expression, total RNA was extracted and purified from 4-week-
old plants of different genotypes using the RNeasy Mini Kit (Qiagen). Duplicate
RNA samples were subjected to RNA-seq using HiSeq2000 50 bp single-end
sequencing in the DNA facility at Iowa State University. Raw RNA-seq reads were
subjected to quality-checking and trimming and then aligned to the Arabidopsis
reference genome (TAIR10) using an intron-aware aligner, Genomic Short-read
Nucleotide Alignment Program64. The alignment coordinates of uniquely aligned
reads for each sample were used to independently calculate the read depth of
each annotated gene. Genes with an average of at least one uniquely mapped read
across samples were tested for differential expression using QuasiSeq (http://cran.
r-project.org/web/packages/QuasiSeq). The generalized linear model Quasi-
likelihood spline method assuming negative binomial distribution of read counts
implemented in the QuasiSeq package was used to compute a P value for each gene.
The 0.75 quantile of reads from each sample was used as the normalization
factor65. A multiple test-controlling approach was used to convert P values to
q-values for controlling false-discovery rate66. For most of the comparisons,
q-values no larger than 0.05 were considered to be differentially expressed.
Owing to the strong growth phenotype of RD26OX transgenic lines, more stringent
(qo0.003) condition was used to determine differentially expressed genes.
Clustering was performed using the ‘aheatmap’ function of the NMF package in R
(https://cran.r-project.org/web/packages/NMF/index.html). Log2 reads per
million mapped read values were used for clustering analysis and values were
normalized for each gene by centring and scaling each row of the heatmap.
The overlapped genes were identified and displayed using Venny2.0 programme
(http://bioinfogp.cnb.csic.es/tools/venny/).
Chromatin immunoprecipitation. ChIP was performed as previously described23
with modifications67. Briefly, 5 g of 4-week-old plants were fixed in 1%
formaldehyde and used to isolate nuclei and chromatin. The chromatin was
sheared with Diagenode Bioruptor Sonication System with 30 cycles of 30-s on and
30-s off in icy water bath. Twenty micrograms of affinity-purified BES1 (ref. 23),
RD26 antibodies (see ‘Generation and analysis of transgenic plants’ section) or IgG
(Sigma, I5006) were used to immunoprecipitate chromatin, which was collected
with 20ml Dynabeads protein A (Invitrogen). Three qPCR technical repeats were
used to calculate enrichment folds compared to ubiquitin control (UBQ5). The
enrichment of specific transcription factors was examined by qPCR with primers
from indicated regions. The averages and s.e.’s were derived from four biological
repeats.
For ChIP–reChIP, chromatin was prepared from 15 g RD26OX, BES1RNAi or
rdQ mutant plants with a modified protocol in which the crosslinking with
formaldehyde was performed after tissue grinding in liquid nitrogen, and all the
buffer volumes were scaled up by 15-folds compared with the published protocol68.
The sonication and immunoprecipitation were performed as described above with
BES1 or RD26 antibody. Each first immunoprecipitated chromatin sample was
eluted with 75ml 10mM Tris-HCl (pH 8.0), 1mM EDTA, 2% SDS and 15mM
dithiothreitol and diluted 20-folds for second immunoprecipitation with
corresponding antibody (RD26 or BES1) or IgG control. The enrichment at specific
regions was determined by qPCR with indicated primers as described above. The
averages and s.e.’s were derived from three biological repeats.
Other bioinformatics analysis. For promoter motif analysis, we down-
loaded Group 1 and 2 genes upstream 3 kb sequence from TAIR database
(https://www.Arabidopsis.org/tools/bulk/sequences/index.jsp). On the basis of this
sequence information, we coded in-house Perl scripts to match possible E-box and
BRRE motif in upstream 3,000 bp region by searching conserved sequence
‘CANNTG’ for general E-box or CATGTG for specific E-box and conserved
sequence ‘CGTG(T/C)G’ for the BRRE site. All the statistical analyses was done by
R language (http://www.R-project.org/). We fitted a negative binominal model for
fitting the frequency of E-box and BRRE domain in ‘glm.nb’ function and then
calculated P value for each comparison. The density plots were generated by R
language ‘plot’ function.
For re-analysis of previously published microarray data24,45–49, we downloaded
the microarray raw CEL data from Riken and analysed the arrays using the ‘Robust
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Multi-array Average method’69 to obtain gene expression data. To analyse gene
expression and compare the expression between the WT and hormone treatments,
we used the linear model for microarray (limma) package from the Bioconductor
project (http://www.bioconductor.org). When estimating statistical significance for
log2-transformed fold-change replicates were combined analogous to the classical
pooled two-sample t-test. To account for multiple testing, we used the Benjamini–
Hochberg method, and significance level for detection is at 5%. The differential
expressed genes were combined with published gene lists to obtain the BR-
regulated genes by microarrays were and listed in Supplementary Data 3 and 4.
Protein–protein interaction experiments. The Split Luciferase Complementation
Assays were performed as described50. The coding region of RD26 and BES1 were
cloned into the pCAMBIA1300-nLUC and pCAMBIA1300-cLUC constructs,
respectively. Tobacco leaf transient assay was used to examine luciferase activity in
the presence or absence of RD26 and/or BES1. Equal amount of Agrobacterium
cells (measured by OD600, adjusted to same with vector-containing strain) were
injected to tobacco leaves. The luciferase activities were measured from protein
extracts from triplicate samples as described above. For the immunoprecipitation
(IP) experiments, tobacco leaves were homogenized in protein lysis buffer (1mM
EDTA, 10% glycerol, 75mM NaCl, 0.05% SDS, 100mM Tris-HCl, pH 7.4, 0.1%
Triton X-100 and 1! complete cocktail protease inhibitors). After protein
extraction, anti-GFP antibody (10 ml, Life Technologies-Molecular Probes, A21311)
was added to total proteins. After incubation with gentle mixing for 1 h at 4 !C,
200ml fresh 50% slurry of protein A beads (Trisacryl Immobilized Protein A-20338,
Thermo Scientific) were added, and incubation was continued for 1 h. Protein A
beads were pelleted by centrifugation at 2,000 r.p.m. for 1min, and the supernatant
was removed. The precipitated beads were washed at least four times with the
protein extraction buffer and then eluted by 2! SDS protein-loading buffer with
boiling for 5min. The IP products were used for western blotting with 2 mg of anti-
BES1 antibody or MYC antibody (Sigma, C3956). BiFC experiments were
performed as recently described44. BES1 and RD26 cDNAs were cloned into the N-
or C terminus of EYFP vectors70. Sequencing-confirmed constructs were
transformed into Agrobacterium tumefaciens strain GV3101. Agrobacteria were
grown in LB medium containing 0.2M acetosyringone and washed with infiltration
medium (10mM MgCl2, 10mM MES, pH 5.7, 0.2M acetosyringone) and
resuspended to OD600 0.5 with infiltration medium. Combinations of
Agrobacterium were infiltrated into Nicotiana benthamiana leaves and examined
for YFP signals 2 days after infiltration. A Leica SP5 X MP confocal microscope
equipped with an HCS PL APO CS 20.0! 0.70 oil objective was used to detect
reconstituted YFP. YFP was excited with a 514-nm laser line and detected from 530
to 560 nm. The LAS AF software (Leica Microsystems) was used to obtain images
with same settings.
EMSA experiments. EMSA experiments were carried out as described previously25.
After annealing, oligonucleotide probes were labelled with P32-g-ATP using T4
polynucleotide kinase. About 0.2 ng probe and indicated amount of proteins purified
from Escherichia coli were mixed in 20ml binding buffer (25mM HEPES-KOH (pH
8.0), 1mM DTT, 50mM KCl and 10% glycerol). After 40min incubation on ice, the
reactions were resolved by 5% native polyacrylamide gels with 1! TGE buffer
(6.6 g l" 1 Tris, 28.6 g l" 1 glycine and 0.78 g l" 1 EDTA (pH 8.7)).
Drought stress tolerance of BR signalling mutants. Drought stress tolerance
experiments were carried out as described previously35 with minor modifications:
different genotype plants were grown on 1/2 MS medium for 2 weeks, and then
transferred to soil and grown for one more week in growth chamber (22 !C, 60%
relative humidity, long day conditions) before exposure to drought stress. Drought
stress was imposed by withholding water until the lethal effect of dehydration was
observed on WT control or bes1-D plants. The numbers of plants that survived and
continued to grow were counted after watering for 7 days.
Generation of the Arabidopsis RD26–BES1 subnetwork. We first constructed a
whole-genome network of Arabidopsis using the TINGe software55. To construct
the Arabidopsis network, microarray data were collected from a total of 3,546
non-redundant Affymetrix ATH1 expression profiles. The data were subjected to
statistical normalization and filtering, following which 15,495 genes remained for
network construction. The RD26–BES1 subnetwork was then extracted from the
whole-genome network using a subnetwork analysis tool, GeNA55. GeNA ranks
each gene in the whole-genome network with respect to its relevance to a given set
of seed genes and extracts a subnetwork containing the seed genes and genes of
highest ranks with respect to the seed genes.
Yeast one-hybrid assays. Matchmaker One-Hybrid System (Clontech) was used
to test the binding of BES1/RD26 to At4g18010 and At4g00360 gene promoters
following the manufacturer’s instructions (http://download.bioon.com.cn/upload/
month_0907/20090707_dab6285a579af1fb2ccd87zow1gx859t.attach.pdf). Briefly,
promoter fragments were cloned into pLacZi (KpnI and SalI sites) and integrated
into the genome of yeast strain YM4271 to generate reporter lines. Mutant reporter
lines were also generated with promoter fragments in which BES1/RD26-binding
sites were mutated. BES1 and RD26 were expressed in the reporter strains with
pGBKT7 and pGADT7, respectively. The LacZ expression in each strain was
determined by filter assays.
Data availability. The raw RNA-seq reads are deposited to NCBI SRA with
accession number PRJNA223275. All other data supporting the findings of this
study are available within the manuscript and its supplementary files or are
available from the corresponding author upon request.
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